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Abstract 
This thesis presents a novel method to quantify the localised carrier collection 
efficiency of thin film solar cells by integrating a theoretical model with data from a 
newly developed combined measurement system capable of measuring spectrally-
resolved photoluminescence (PL), time-resolved photoluminescence (TRPL) and 
transient photocurrent decay (TPCD) at the same spot on the solar cell. This combined 
measurement approach allows for the identification and further understanding of the 
limiting factors in the carrier collection efficiency of solar cells. 
A measurement system combining PL, TRPL and TPCD is first developed. This 
combined measurement approach uses a single laser source to excite the same spot 
during all measurements, to reduce sample repositioning errors from sequential 
characterisation. The system can characterise a wide range of thin film solar cells and 
materials such as CdTe, CIGS and CZTS. 
Individual PL/TRPL/TPCD measurements are then conducted on CdTe and CIGS 
samples to establish the measurement and data acquisition procedures. From the 
subsequent data analysis, PL yields the material bandgap, TRPL yields the minority 
carrier lifetime and TPCD yields the minority carrier diffusion time, demonstrating the 
capabilities of the combined measurement system. This further emphasises the 
requirement for a combined measurement approach of all three techniques to prevent 
important material/device information being lost. 
Inter-laboratory comparison measurements of PL, TRPL and TPCD are next 
performed on the same samples at different research labs, which mostly agree with the 
measurements from the combined measurement system. The reasons for the 
measurement discrepancies between measurement systems of participating 
laboratories are investigated. 
A theoretical model based on combined PL/TRPL/TPCD measurements is then 
proposed to quantify the localised carrier collection efficiency of solar cells from the 
TRPL carrier lifetime and the TPCD carrier diffusion time. Combined 
PL/TRPL/TPCD measurements are then conducted on CdS/CdTe and CIGS solar cells 
where the carrier collection efficiency is extracted, as well as useful information on 
 
 
the material and interface quality. A longer TRPL carrier lifetime indicates a better 
material quality, while a shorter TPCD carrier diffusion time indicates better quality 
interfaces in the device that result in an improved carrier collection efficiency. Hence, 
it is shown that the limiting factors of the collection efficiency and subsequent 
performance of a solar cell can be more easily identified. The results are then further 
confirmed with additional characterisation from electroluminescence imaging (EL) 
imaging, scanning electron microscopy (SEM), external quantum efficiency (EQE) 
and IV curves, which support the validity of the proposed theoretical model. 
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1 Introduction 
Increasing the power conversion efficiency (PCE) of solar cells is a key area of 
research across various photovoltaic (PV) device technologies. The PCE of a solar cell 
is the percentage of incident sunlight energy that it can convert to electricity. 
Increasing the PCE of a solar cell contributes to the increase in overall output power 
of a PV system which is a key factor for PV to be cost-competitive with conventional 
energy sources [1]. 
Recombination of charge carriers in solar cells is one of the main sources of efficiency 
loss. If the photo-generated carriers in a solar cell recombine before they are separated, 
transported to and collected by the contacts, the photocurrent is reduced and thus also 
the output power [2]. There are three types of recombination processes in solar cells: 
radiative recombination, Shockley-Read-Hall (SRH) recombination and Auger 
recombination. Radiative recombination is the inverse process to the optical generation 
of charge carriers and results in the emission of photons. Radiative recombination 
dominates in direct bandgap solar cells. SRH recombination is dominant in indirect 
bandgap solar cells and is caused by carriers recombining through deep-level traps and 
impurities [3]. Hence, the efficiency of carrier collection is important as it affects the 
PCE of a PV device. 
It is therefore essential to experimentally characterise all of these processes in order to 
gain a better understanding of the limiting factors of the carrier collection efficiency 
in solar cells. This information can then be fed back to the fabrication process to 
improve the PCE of the finished PV device. One method of characterising 
recombination mechanisms in solar cells is by measuring the minority carrier lifetime, 
which is the average time a carrier spends in an excited state following electron-hole 
generation before it recombines [4]. The minority carrier lifetime usually indicates the 
quality of the semiconductor material in a solar cell and can subsequently affect the 
overall efficiency of a PV device. Minority carrier lifetime is normally measured by 
time-resolved characterisation techniques where a solar cell is illuminated by pulsed 
optical excitation, generating excess electron-hole pairs in the device. The subsequent 
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decay of the excess carrier density can then be measured by optical and electrical 
characterisation techniques.  
Time-resolved photoluminescence (TRPL) is an optical characterisation technique 
which uses the time-correlated single-photon counting (TCSPC) method. The TCSPC 
method works by the detection of single photons emitted from the sample 
luminescence from pulsed optical excitation, and measuring their time of arrival with 
respect to a reference signal. The repetitive pulsed excitation accumulates a large 
number of photon events which is plotted in a histogram as a function of photon arrival 
time [5]. 
Transient photocurrent decay (TPCD) is an electrical characterisation technique where 
the PV device is contacted by probes and connected directly to an oscilloscope. TPCD 
is measured when the PV device is near short-circuit conditions. The sample is excited 
by a pulsed excitation source where each pulse creates excess carriers in the device 
and thus generates a photocurrent. The subsequent current decay is measured as a 
function of time [6]. 
Numerical values are then extracted by data fitting from the resulting transient decays 
of the optical signal from the TRPL measurement [5] and the electrical signal from the 
TPCD measurement [6]. These values are affected by different physical processes in 
solar cells by varying degrees. TRPL measures the localised minority carrier lifetime 
through luminescence decay from radiative recombination (i.e. from the spot of carrier 
injection) [7]. TPCD measures the carrier transport time from carrier transport 
processes which is also affected by carrier recombination, as it occurs alongside the 
transport of carriers [6][8]. Carrier recombination in TPCD is non-localised as it occurs 
along the entire carrier transport path. Therefore, it is difficult to directly extract the 
carrier recombination lifetime from TPCD measurements alone. 
Solar cells can be further characterised by steady-state spectrally resolved 
photoluminescence (PL). Spectrally-resolved PL follows the same principle as TRPL, 
which measures the spontaneous optical emission from a solar cell following optical 
excitation, through radiative recombination [9]. PL measurements can yield the 
material bandgap as most radiative recombination transitions occur between the 
conduction and valence bands, with the energy difference known as the bandgap. PL 
can also identify interfaces, impurities and defects in the semiconductor material [10]. 
3 
 
However, the measured PL intensity is a relative value and does not yield absolute 
temporal values of recombination processes. 
These three characterisation techniques yield different information for recombination 
and transport processes, which all affect the carrier collection efficiency and the 
subsequent PCE of the PV device. Therefore, just a single measurement technique 
results in important material information being lost. Using multiple characterisation 
techniques has its challenges as most measurement systems provide either one or two 
characterisation techniques, which necessitates the use of several measurement 
systems. This potentially results in different areas being measured on the solar cell 
during sequential characterisation, due to limitations in sample positioning accuracy. 
Different excitation source wavelengths can also result in different layers of the solar 
cell being measured due to varying penetration and absorption depths [11]. These two 
factors can lead to incomparable results when using multiple characterisation 
techniques.  
Furthermore, it is difficult to directly compare and correlate the data from separate 
measurement systems to extract additional physical properties. For example, the decay 
times measured from TRPL and TPCD using two separate measurement systems bear 
no direct correlation with each other if measured using different excitations sources or 
measurement spots on the same sample. However, if TRPL and TPCD were to be 
measured at the same spot, an additional carrier collection efficiency parameter could 
be extracted. 
Therefore, the main aim of this thesis is to quantify the localised carrier collection 
efficiency of solar cells using combined PL, TRPL and TPCD measurements. This 
combined measurement approach will allow for easier identification and 
understanding of the limiting factors of the carrier collection efficiency in solar cells. 
Furthermore, it will yield material/device information which would otherwise be lost 
using individual characterisation techniques or systems. All this information can be 
used to tweak processes during the fabrication process to potentially improve the PCE 
of the finished PV device. 
This is achieved by first developing a combined measurement system which 
incorporates PL, TRPL and TPCD. Crucially, these three techniques are measured 
using the same excitation source and probing the same point on the sample. Thus 
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avoiding the repositioning errors inherent in sequential characterisation using separate 
systems. 
A theoretical model is then proposed to quantify the localised carrier collection 
efficiency which can only be achieved by measuring TRPL and TPCD at the same spot 
on the sample. Combined PL, TRPL and TPCD measurements are conducted on a 
range of thin film PV devices to investigate the limiting factors of the extracted carrier 
collection efficiency in the devices. 
Chapter 2 first introduces a select overview of the fundamental semiconductor physics 
of solar cells which include the generation, recombination and transport processes of 
charge carriers. The corresponding minority carrier lifetime for each recombination 
process is discussed. The measurement techniques used to characterise recombination, 
transport processes and minority carrier lifetime in solar cells are then introduced. 
Their operating principles, extractable information, advantages and limitations are 
reviewed. 
Chapter 3 contains an in-depth review of the current state-of-the-art characterisation 
techniques. This review is used to determine the final design choices and requirements 
of the system. Thereafter, the hardware and software of the completed combined 
measurement system is described in detail. 
Chapter 4 describes the testing of the completed measurement system where the 
measurement and data acquisition procedure for each technique is established. 
Individual PL, TRPL and TPCD measurements are performed on Cadmium Telluride 
(CdTe) and Cu(In,Ga)(S,Se)2 (CIGS) samples and the results are analysed to further 
understand the extracted information from each technique. The same samples are 
characterised at other research labs in an inter-laboratory study to validate the 
combined measurement system’s results, and also investigate the effects when using 
different measurement systems for the same characterisation techniques. 
Chapter 5 proposes a theoretical model to quantify the localised carrier collection 
efficiency in solar cells from the combined PL, TRPL and TPCD measurements. 
Combined measurements are subsequently conducted on a range of CdS/CdTe and 
CIGS PV devices, yielding the carrier lifetimes, diffusion times and collection 
efficiencies, thus gaining insights of the limiting factors. 
5 
 
The final chapter draws conclusions from the work done in the previous chapters and 
also identifies opportunities for further optimisation of the measurement system and 
potential future research. 
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2 Fundamental physics and 
characterisation techniques of 
solar cells 
Section 2.1 of this chapter reviews a selection of the fundamental semiconductor 
physics of solar cells relevant for this thesis. This includes the generation, 
recombination and transport processes of charge carriers. The corresponding minority 
carrier lifetime for each recombination process and overall effective minority carrier 
lifetime will be discussed. The effect of recombination and transport on the solar cell 
efficiency is reviewed with an emphasis on the importance to experimentally 
characterise recombination mechanisms, minority carrier lifetime and transport 
processes of solar cells. 
Section 2.2 reviews the current state-of-the-art in measurement techniques used to 
characterise recombination mechanisms, minority carrier lifetime and transport 
processes. The potential and advantages of each characterisation technique are 
discussed. Furthermore, the drawbacks and limitations of such techniques are analysed 
in detail, introducing the need for a combined optical and electrical measurement 
approach that maximises the potential and eliminates the limitations in 
characterisation. 
2.1 The fundamental physics of solar cells 
A solar cell, or a photovoltaic (PV) device, is an electronic device which converts solar 
energy to electricity via the photovoltaic effect. Figure 2.1 shows a simplified 
schematic of the operation of a solar cell under the photovoltaic effect. There are 
several requirements for this process [2]:   
1. Strong absorption of sunlight for generating electron-hole pairs. 
2. Minimal recombination so electron-hole pairs are separated at the junction 
before they recombine. 
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3. Efficient transport and collection of electrons and holes at the contacts to 
send to an external load. 
 
Figure 2.1 Simplified schematic of the operation of a solar cell [12] 
In short, the output electrical power and hence the overall efficiency of a solar cell is 
determined by the generation, recombination, transport and collection processes of the 
carriers in the solar cell. These four processes will be described in more detail in the 
following sub-sections. 
2.1.1 The p-n junction 
Solar cells are made of a structure of semiconductor materials in which light absorption 
occurs. Figure 2.2 (a) shows the bond model of a crystalline semiconductor structure, 
which consists of atoms fixed together via covalent bonds to form a uniform crystal 
lattice. There are electrons within the covalent bonds which are fixed in place by these 
bonds at absolute zero temperature (zero Kelvin). At higher temperatures, these 
electrons can break free from their covalent bonds which allows them to move about 
freely within the crystal lattice to participate in conduction. Furthermore, nearby 
electrons can move into the hole created by the broken bond, which allows the hole to 
propagate as if it were a virtual particle of positive charge [13]. These mobile electrons 
and holes are known as charge carriers and allow the material to conduct. Therefore, a 
semiconductor behaves as an insulator at absolute zero temperature (zero Kelvin) 
because all of its electrons are involved in bonding, and behaves as a conductor at 
higher temperatures due to thermal generation of mobile charge carriers [14].  
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A certain amount of energy is required to excite electrons to break away from their 
bound state for conduction to occur, which is defined as the bandgap energy 𝐸𝐸𝑔𝑔. Figure 
2.2 (b) presents the corresponding band model of a semiconductor which shows its 
behaviour in terms of energy levels. In the band model, the lower energy level is known 
as the valence band 𝐸𝐸𝑣𝑣, which corresponds to the energy of electrons fixed in the 
covalent bonds. The upper energy level is the lower boundary of the conduction band 
𝐸𝐸𝑐𝑐, above which energies the electron break away from their covalent bonds and be 
considered free to move [13]. In short, the bandgap is the minimum amount of energy 
required to excite an electron from the valence band to the conduction band to 
participate in conduction [15]. 
 
Figure 2.2 The bond model [16] and band model [16][17] of a crystalline 
semiconductor atomic lattice structure 
A semiconductor’s electronic properties can be altered by controlling the free charge 
carrier concentration. This is done by doping, which is the process of intentionally 
introducing impurities into the semiconductor material [18]. Doping varies the relative 
number of electrons and holes and produces either ‘negative-type’ (n-type) or 
‘positive-type’ (p-type) semiconductors. Figure 2.3 (a) and (b) shows the crystal lattice 
structure of n-type and p-type crystalline silicon (c-Si), respectively. Doping with 
atoms with more valence electrons results in n-type material and with atoms with fewer 
valence electrons results in ‘p-type’ material [16]. In semiconductors, the more 
abundant charge carriers are known as the majority carriers, while the less abundant 
charge carriers are known as the minority carriers. In short, the majority carriers in n-
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type material are electrons and the minority carriers are holes. While in the p-type 
material, the majority carriers are holes and the minority carriers are electrons [18]. 
 
Figure 2.3 The crystal lattice struture of an (a) n-type semiconductor and a (b) p-
type silicon semiconductor [16] 
Most solar cell structures are based on the p-n junction which is formed by combining 
p-type and n-type semiconductor material together. Figure 2.4 shows an n-doped 
semiconductor crystal on the left and a p-doped semiconductor crystal on the right 
which have been combined to form a p-n junction. The resulting device can be 
separated into three regions according to their physical characteristics: the space 
charge region (the region of built in electric field of the p-n junction), the n-type and 
p-type quasi-neutral regions (outside the influence of the junction).  
There are two transport processes which affect the movement of charge carriers in such 
a device, diffusion and drift. Diffusion of mobile charge carriers occurs from regions 
of high concentration to low concentration due to their random thermal motion. In a p-
n junction, there is an excess of unbound electrons from the n-type region which 
diffuse to the p-type region. This electron flux produces a diffusion current 𝐽𝐽𝑛𝑛,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 as 
described by [19]: 
𝐽𝐽𝑛𝑛,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑞𝑞𝐷𝐷𝑛𝑛 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (2.1) 
where 𝑞𝑞 is the charge of an electron, 𝑑𝑑 is the electron carrier density, 𝐷𝐷𝑛𝑛 is the diffusion 
coefficient for electrons. The p-type region has an excess of holes (deficiency of 
electrons) which diffuse to the n-type region. This hole flux produces a diffusion 
current 𝐽𝐽𝑝𝑝,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 [19]: 
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𝐽𝐽𝑝𝑝,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = −𝑞𝑞𝐷𝐷𝑝𝑝 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (2.2) 
Where 𝑑𝑑 is the hole carrier density and 𝐷𝐷𝑝𝑝 is the diffusion coefficient for holes. In a 
semiconductor with no external factors applied to it (e.g. electrical biasing), the 
diffusion time is the average time for a carrier diffusing across a distance 𝐿𝐿: 
𝜏𝜏𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝐿𝐿22𝐷𝐷 (2.3) 
where 𝐷𝐷 is the diffusion coefficient and Equation (2.3) can be obtained from the results 
of the one-dimensional random-walk motion where the square of the standard 
deviation at a given time interval 𝑡𝑡 is [20]: 
〈𝑑𝑑2〉 = 2𝐷𝐷𝑡𝑡 (2.4) 
This diffusion process results in the fixed positive donor ions 𝑁𝑁𝐷𝐷+  in the n-type region 
and the fixed negative acceptor ions 𝑁𝑁𝐴𝐴− in the p-type region to be left behind. A built-
in electric field 𝐸𝐸 (and thus a built-in voltage difference 𝑉𝑉𝑏𝑏𝑑𝑑) is formed between the 
positively charged donor ions 𝑁𝑁𝐷𝐷+ in the n-type region and the negatively charged 
acceptor ions 𝑁𝑁𝐴𝐴− in the p-type region. The direction of the electric field is from the 
donor ions 𝑁𝑁𝐷𝐷+ to acceptor ions 𝑁𝑁𝐴𝐴− (i.e. from the n-type region to the p-type region). 
This region is known as the space charge region (or depletion region) because carriers 
(electrons and holes) are almost ‘depleted’ in the space charge region [21]. The drift 
current resulting from the electric field at the junction can be described by the 
following equations. The carrier drift velocity 𝑣𝑣𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 is usually assumed to be linearly 
proportional to the electric field 𝐸𝐸 [21]: 
𝑣𝑣𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝜇𝜇𝐸𝐸 (2.5) 
where 𝜇𝜇 is the carrier mobility. As a result, the drift current density for electrons is 
[21]: 
𝐽𝐽𝑛𝑛,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = −𝑞𝑞𝑑𝑑𝑣𝑣𝑛𝑛,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑞𝑞𝑑𝑑𝜇𝜇𝑛𝑛𝐸𝐸 (2.6) 
and for holes is [21]: 
𝐽𝐽𝑝𝑝,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑞𝑞𝑑𝑑𝑣𝑣𝑝𝑝,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑞𝑞𝑑𝑑𝜇𝜇𝑝𝑝𝐸𝐸 (2.7) 
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Figure 2.4 A schematic diagram showing the space-charge and quasi-neutral 
regions of a p-n junction under equilibrium. The solid and open 
circles represent the electrons and holes, respectively 
2.1.2 Generation of charge carriers 
When sunlight is incident on a solar cell, the photons are either reflected away from 
the surface, absorbed by the semiconductor or transmitted through the device 
depending on the energy of incident photon 𝐸𝐸𝑝𝑝ℎ𝑜𝑜𝑑𝑑𝑜𝑜𝑛𝑛. Figure 2.5 shows the three main 
possible outcomes when a photon is incident on the semiconductor layer (after 
successfully traversing the outer encapsulating layers of the PV device) [22][23]: 
• If the photon energy is less than the bandgap energy (𝐸𝐸𝑝𝑝ℎ𝑜𝑜𝑑𝑑𝑜𝑜𝑛𝑛 <
𝐸𝐸𝑔𝑔), then the photon does not interact  with the semiconductor and 
an electron-hole pair is not generated [24]. 
• If the photon energy is equal to the bandgap energy (𝐸𝐸𝑝𝑝ℎ𝑜𝑜𝑑𝑑𝑜𝑜𝑛𝑛 = 𝐸𝐸𝑔𝑔),  
there is just enough  energy to promote an electron from the valence 
band to the conduction band, which creates an electron-hole pair 
with minimal energy loss. However, absorption is quite low as only 
electrons at the valence edge can interact with the photon for 
absorption [24]. 
• If the photon energy is greater than the bandgap (𝐸𝐸𝑝𝑝ℎ𝑜𝑜𝑑𝑑𝑜𝑜𝑛𝑛 > 𝐸𝐸𝑔𝑔), 
the photons are strongly absorbed by the material. The remaining 
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excess energy is lost as heat when the electrons thermalise down to 
the conduction band edges [24].  
 
Figure 2.5 A band diagram showing photons with different energies and their 
interaction with a semiconductor [22][23] 
Semiconductor materials can be divided into two groups based on their band structure: 
direct and indirect bandgap semiconductors. Their band structure can be described by 
the energy 𝐸𝐸 and momentum 𝑑𝑑 relation [25].  
A direct bandgap semiconductor represents the simplest 𝐸𝐸-𝑑𝑑 relation, where the 
minimum of the conduction band is located directly above the maximum of the valence 
band with the same crystal momentum 𝑑𝑑. Figure 2.6 (a) illustrates the photon 
absorption process in direct bandgap semiconductors. During the photon absorption 
process, both energy and momentum must be conserved in the transition. An initial 
electron state with energy 𝐸𝐸1 and crystal momentum 𝑑𝑑1 is associated with a final 
electron state in the conduction band with energy 𝐸𝐸2 and crystal momentum 𝑑𝑑2. If the 
electron momentum is conserved, the crystal momentum of the final state is the same 
as the initial state  𝑑𝑑1 ≈ 𝑑𝑑2 = 𝑑𝑑 [25]. Therefore, an electron from the valence band can 
be promoted to the conduction band by simply absorbing a photon of energy equal to 
or greater than the bandgap (𝐸𝐸𝑝𝑝ℎ𝑜𝑜𝑑𝑑𝑜𝑜𝑛𝑛 ≥ 𝐸𝐸𝑔𝑔). 
In an indirect bandgap semiconductor, the valence band maximum occurs at a different 
crystal momentum to the conduction band minimum. As a result, a photon (𝐸𝐸𝑝𝑝ℎ𝑜𝑜𝑑𝑑𝑜𝑜𝑛𝑛 ≥
𝐸𝐸𝑔𝑔) by itself is insufficient to generate an electron-hole pair and a change in 
momentum ∆𝑑𝑑 of the electron is required. The conservation of electron momentum 
requires a phonon to give up its momentum to the electron at the moment of photon 
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absorption, as photons possess virtually no momentum [26]. Phonons are the particle 
representation of lattice vibrations in the semiconductor and are suitable for this 
process because they have low energy with relatively high momentum [25][27]. Figure 
2.6 (b) illustrates the photon and phonon absorption processes in indirect bandgap 
semiconductors. 
 
Figure 2.6 The photon absorption processes in (a) direct bandgap semicondutors 
for an incident photon with energy 𝐸𝐸𝑝𝑝ℎ𝑜𝑜𝑑𝑑𝑜𝑜𝑛𝑛 = 𝐸𝐸2 − 𝐸𝐸1 > 𝐸𝐸𝑔𝑔  and 
(b) indirect bandgap semiconductors for an incident photon with 
energy 𝐸𝐸𝑝𝑝ℎ𝑜𝑜𝑑𝑑𝑜𝑜𝑛𝑛 < 𝐸𝐸2 − 𝐸𝐸1 and 𝐸𝐸𝑝𝑝ℎ𝑜𝑜𝑑𝑑𝑜𝑜𝑛𝑛 > 𝐸𝐸2 − 𝐸𝐸1. The energy 
and momentum for both cases are conserved by the absorption 
and emission of a phonon, respectively [25] 
Thin film PV technologies such as cadmium telluride (CdTe) and copper indium 
gallium selenide (CIGS) are direct bandgap semiconductors and so have a high 
absorption coefficient, as absorption is relatively probable. Whereas traditional 
crystalline silicon (Si) solar cells are indirect bandgap semiconductors and so possess 
a lower absorption coefficient, or lower probability of absorption, which means 
photons need to travel further through the material before they are absorbed [27]. 
2.1.3 Recombination of charge carriers 
The reverse process of charge carrier generation in semiconductors is recombination. 
Recombination is an electronic relaxation event where an electron in the conduction 
band stabilises back down to the valence band, accompanied by a release of energy 
[3]. There are three main recombination processes in semiconductors: Shockley-Read-
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Hall (SRH), radiative and Auger recombination. These three recombination processes 
occur in parallel and so the overall recombination rate 𝑟𝑟𝑑𝑑𝑟𝑟𝑐𝑐 in semiconductors is the 
sum of these three recombination rates [28]: 
𝑟𝑟𝑑𝑑𝑟𝑟𝑐𝑐 = 𝑟𝑟𝑆𝑆𝑆𝑆𝑆𝑆 + 𝑟𝑟𝑑𝑑𝑟𝑟𝑑𝑑 + 𝑟𝑟𝐴𝐴𝐴𝐴𝑔𝑔𝑟𝑟𝑑𝑑 (2.8) 
Each of these rates has a timescale associated with each recombination process, which 
is known as the minority carrier lifetime. The minority carrier lifetime is the average 
time an electron can spend in an excited state, following electron-hole generation 
before recombining [22]. It should be noted that the equations in Sections 2.1.3 and 
2.1.4 will focus on a p-type semiconductor and electrons as the minority carriers. The 
SRH 𝑟𝑟𝑆𝑆𝑆𝑆𝑆𝑆, radiative 𝑟𝑟𝑑𝑑𝑟𝑟𝑑𝑑  and Auger 𝑟𝑟𝐴𝐴𝐴𝐴𝑔𝑔𝑟𝑟𝑑𝑑  recombination processes are each further 
described in the following. 
Shockley-Read-Hall recombination: 
Figure 2.7 shows the SRH recombination process, whereby an electron in the 
conduction band relaxes down to the valence band via intermediate energy levels in 
the bandgap, which are caused by non-intentional impurities, dislocations and trap 
states. These physical defects in the crystal lattice structure introduce deep energy 
levels in the middle of the energy gap (mid-gap). These deep energy levels then act as 
localised recombination centres for the SRH process. The energy released during SRH 
recombination is dissipated as phonons [29]. SRH recombination is the dominant 
recombination mechanism in indirect bandgap semiconductors such as c-Si. 
 
Figure 2.7 Band diagram showing the mechanism of the SRH recombination 
process [28] 
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These defects attract and capture electrons and holes, and thus assist in their 
recombination. They are characterised by their concentration, energy level, and 
capture cross-sections [29]. As a result, the SRH recombination rate 𝑟𝑟𝑆𝑆𝑆𝑆𝑆𝑆 can be 
described by the following equation [28][30]: 
𝑟𝑟𝑆𝑆𝑆𝑆𝑆𝑆 = 𝜎𝜎𝑛𝑛𝜎𝜎𝑝𝑝𝑣𝑣𝑑𝑑ℎ𝑁𝑁𝑑𝑑(𝑑𝑑𝑑𝑑 − 𝑑𝑑0𝑑𝑑0)
𝜎𝜎𝑝𝑝 �𝑑𝑑 + 𝑑𝑑𝑑𝑑𝑒𝑒𝑑𝑑𝑑𝑑 �𝐸𝐸𝑑𝑑 − 𝐸𝐸𝑑𝑑𝑘𝑘𝐵𝐵𝑇𝑇 �� + 𝜎𝜎𝑛𝑛 �𝑑𝑑 + 𝑑𝑑𝑑𝑑𝑒𝑒𝑑𝑑𝑑𝑑 �𝐸𝐸𝑑𝑑 − 𝐸𝐸𝑑𝑑𝑘𝑘𝐵𝐵𝑇𝑇 �� = 𝑑𝑑𝑑𝑑 − 𝑑𝑑0𝑑𝑑0
𝜏𝜏𝑆𝑆𝑆𝑆𝑆𝑆,𝑛𝑛 �𝑑𝑑 + 𝑑𝑑𝑑𝑑𝑒𝑒𝑑𝑑𝑑𝑑 �𝐸𝐸𝑑𝑑 − 𝐸𝐸𝑑𝑑𝑘𝑘𝐵𝐵𝑇𝑇 �� + 𝜏𝜏𝑆𝑆𝑆𝑆𝑆𝑆,𝑝𝑝 �𝑑𝑑 + 𝑑𝑑𝑑𝑑𝑒𝑒𝑑𝑑𝑑𝑑 �𝐸𝐸𝑑𝑑 − 𝐸𝐸𝑑𝑑𝑘𝑘𝐵𝐵𝑇𝑇 �� 
(2.9) 
where 𝜎𝜎𝑛𝑛 and 𝜎𝜎𝑝𝑝 are the electron and hole capture cross sections, respectively. 𝑣𝑣𝑑𝑑ℎ is 
the carrier thermal velocity, 𝑁𝑁𝑑𝑑 is the trap concentration, 𝑑𝑑 and 𝑑𝑑 are the electron and 
hole concentrations, respectively. 𝑑𝑑0 and 𝑑𝑑0 are the electron and hole concentrations 
at equilibrium, respectively. 𝐸𝐸𝑑𝑑 is the trap energy level, 𝑑𝑑𝑑𝑑 is the intrinsic carrier 
concentration, 𝐸𝐸𝑑𝑑 is the intrinsic Fermi level, 𝑘𝑘𝐵𝐵 is the Boltzmann constant and 𝑇𝑇 is the 
temperature. 𝜏𝜏𝑆𝑆𝑆𝑆𝑆𝑆,𝑛𝑛 and 𝜏𝜏𝑆𝑆𝑆𝑆𝑆𝑆,𝑝𝑝 are the SRH carrier lifetimes for electrons and holes, 
respectively. 
For p-type semiconductors, the minority electron SRH carrier lifetime 𝜏𝜏𝑆𝑆𝑆𝑆𝑆𝑆,𝑛𝑛 in 
Eq.(2.9) is defined as [28][29]: 
𝜏𝜏𝑆𝑆𝑆𝑆𝑆𝑆,𝑛𝑛 = 1𝜎𝜎𝑑𝑑𝑣𝑣𝑡𝑡ℎ𝑁𝑁𝑡𝑡 (2.10) 
It can be observed from Eq.(2.10) that the electron SRH carrier lifetime 𝜏𝜏𝑆𝑆𝑆𝑆𝑆𝑆,𝑛𝑛 depends 
on three factors: the capture cross section 𝜎𝜎𝑛𝑛, the thermal velocity 𝑣𝑣𝑑𝑑ℎ, and the trap 
concentration 𝑁𝑁𝑑𝑑. 
The capture cross-section 𝜎𝜎 can be described as the target size of traps which is 
presented to a carrier travelling through the semiconductor at velocity 𝑣𝑣𝑑𝑑ℎ. If a trap 
presents a large target for the carrier to recombine, the recombination rate 𝑟𝑟𝑆𝑆𝑆𝑆𝑆𝑆 will be 
higher and the electron SRH carrier lifetime 𝜏𝜏𝑆𝑆𝑆𝑆𝑆𝑆,𝑛𝑛 will be lower. When the velocity 
𝑣𝑣𝑑𝑑ℎ of a carrier increases, there is a higher chance within a given time period for the 
carrier to encounter a trap and the SRH carrier lifetime decreases. Finally, when the 
concentration of traps 𝑁𝑁𝑑𝑑 increases, the probability of interaction with a trap also 
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increases. As a result, the SRH carrier lifetime is inversely proportional to the trap 
concentration [28]. 
The trap energy level 𝐸𝐸𝑑𝑑 and the intrinsic Fermi level 𝐸𝐸𝑑𝑑 are very close to the middle 
of the bandgap (i.e. 𝐸𝐸𝑑𝑑 ≈ 𝐸𝐸𝑑𝑑). Eq.(2.9) can thus be simplified to [29]: 
𝑟𝑟𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑑𝑑𝑑𝑑 − 𝑑𝑑0𝑑𝑑0𝜏𝜏𝑆𝑆𝑆𝑆𝑆𝑆,𝑑𝑑(𝑑𝑑 + 𝑑𝑑𝑖𝑖) + 𝜏𝜏𝑆𝑆𝑆𝑆𝑆𝑆,𝑑𝑑(𝑑𝑑 + 𝑑𝑑𝑖𝑖) (2.11) 
For p-type quasi-neutral regions, the majority carriers are holes which can be 
expressed as 𝑑𝑑 ≅ 𝑑𝑑0 = 𝑁𝑁𝐴𝐴 [18], where 𝑁𝑁𝐴𝐴 is the acceptor doping concentration. The 
hole concentration  𝑑𝑑 is greater than the electron concentration 𝑑𝑑, (i.e. 𝑑𝑑 ≫ 𝑑𝑑), which 
can be expressed as 𝑑𝑑 = 𝑑𝑑0 + ∆𝑑𝑑, where 𝑑𝑑0 is the electron carrier concentration at 
equilibrium and ∆𝑑𝑑 is the excess electron carrier concentration. It is assumed that the 
excess electron concentration is greater than the electron concentration at equilibrium (∆𝑑𝑑 ≫ 𝑑𝑑0). Therefore 𝑑𝑑0 can simply be neglected (i.e. 𝑑𝑑 ≅ ∆𝑑𝑑) and Eq.(2.11) can be 
simplified to: 
𝑟𝑟𝑆𝑆𝑆𝑆𝑆𝑆 = ∆𝑑𝑑𝜏𝜏𝑆𝑆𝑆𝑆𝑆𝑆,𝑑𝑑 = 𝐴𝐴𝑑𝑑∆𝑑𝑑 (2.12) 
where 𝐴𝐴𝑛𝑛 is the SRH coefficient which is defined as: 
𝐴𝐴𝑛𝑛 = 1𝜏𝜏𝑆𝑆𝑆𝑆𝑆𝑆,𝑛𝑛 = 𝜎𝜎𝑛𝑛𝑣𝑣𝑑𝑑ℎ𝑁𝑁𝑑𝑑 (2.13) 
In short, the minority carrier SRH lifetime is independent of the carrier and doping 
concentrations. 
Radiative recombination: 
Radiative recombination is the inverse process of the optical generation of charge 
carriers. Figure 2.8 shows the radiative recombination process, whereby an electron in 
the conduction band descends directly to a hole in the valence band, and emits a photon 
with its energy being similar to the band gap of the semiconductor material [31]. This 
is the recombination mechanism characterised using luminescence based measurement 
techniques, which will be introduced in Section 2.2. Radiative recombination is the 
most prevalent mechanism in direct bandgap solar cells as well as light-emitting diodes 
(LEDs) and semiconductor lasers [25][28]. 
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Figure 2.8 Band diagram showing the mechanism of the radiative recombination 
process [28] 
The radiative recombination rate 𝑟𝑟𝑑𝑑𝑟𝑟𝑑𝑑 can be calculated by the following equation 
[28][30][32]: 
𝑟𝑟𝑑𝑑𝑟𝑟𝑑𝑑 = 𝐵𝐵(𝑑𝑑𝑑𝑑 − 𝑑𝑑0𝑑𝑑0) (2.14) 
where 𝐵𝐵 is the radiative recombination coefficient.  
For p-type quasi-neutral regions, the majority carriers are holes represented by  𝑑𝑑 ≅
𝑑𝑑0 = 𝑁𝑁𝐴𝐴 and when the semiconductor is under low injection conditions 𝑑𝑑 = 𝑑𝑑0 + ∆𝑑𝑑, 
Eq.(2.14) can be simplified to [28][33]: 
𝑟𝑟𝑑𝑑𝑟𝑟𝑑𝑑 = 𝐵𝐵𝑁𝑁𝐴𝐴∆𝑑𝑑 = ∆𝑑𝑑𝜏𝜏𝑑𝑑𝑟𝑟𝑑𝑑,𝑛𝑛 (2.15) 
where the minority electron radiative carrier lifetime 𝜏𝜏𝑑𝑑𝑟𝑟𝑑𝑑,𝑛𝑛 is defined as [28]: 
𝜏𝜏𝑑𝑑𝑟𝑟𝑑𝑑,𝑛𝑛 = 1𝐵𝐵𝑁𝑁𝐴𝐴 (2.16) 
As can be observed from Eq.(2.16), the minority carrier radiative lifetime 𝜏𝜏𝑑𝑑𝑟𝑟𝑑𝑑,𝑛𝑛 is 
determined by the doping concentration (i.e. the majority carrier concentration 𝑁𝑁𝐴𝐴). 
Auger recombination: 
Auger recombination is similar to radiative recombination where an electron and hole 
recombine across the bandgap. However, the excess transition energy is given to 
another carrier (in either the conduction or valence band) rather than an emitted photon 
as shown in Figure 2.9. This electron or hole thermally relaxes down to its original 
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energy state which releases its excess energy and momentum as phonons [28]. The 
Auger recombination rate can be calculated by [28][33]: 
𝑟𝑟𝐴𝐴𝐴𝐴𝑔𝑔𝑟𝑟𝑑𝑑 = 𝐶𝐶𝑛𝑛(𝑑𝑑𝑑𝑑 − 𝑑𝑑0𝑑𝑑0)𝑑𝑑 + 𝐶𝐶𝑝𝑝(𝑑𝑑𝑑𝑑 − 𝑑𝑑0𝑑𝑑0)𝑑𝑑 (2.17) 
The 𝐶𝐶𝑛𝑛 Auger recombination coefficient describes the two electron and one hole Auger 
processes where an electron recombines with a hole, and another electron transits to a 
higher energy state in the conduction band (see Figure 2.9 (a)). The 𝐶𝐶𝑝𝑝 Auger 
recombination coefficient describes the two hole and one electron Auger processes 
where a hole recombines with an electron, and another hole transits to a higher energy 
state in the valence band (see Figure 2.9 (a)) [29]. The Auger recombination rate for 
p-type quasi-neutral regions, (𝑑𝑑 ≅ 𝑑𝑑0 = 𝑁𝑁𝐴𝐴) and under low injection conditions, (𝑑𝑑 =
𝑑𝑑0 + ∆𝑑𝑑), Eq.(2.17) can be simplified to [28][33]: 
𝑟𝑟𝐴𝐴𝐴𝐴𝑔𝑔𝑟𝑟𝑑𝑑 = 𝐶𝐶𝑝𝑝𝑁𝑁𝐴𝐴2∆𝑑𝑑 + 𝐶𝐶𝑛𝑛𝑁𝑁𝐴𝐴∆𝑑𝑑2 = ∆𝑑𝑑𝜏𝜏𝐴𝐴𝐴𝐴𝑔𝑔𝑟𝑟𝑑𝑑,𝑛𝑛 (2.18) 
where the minority electron Auger lifetime 𝑟𝑟𝐴𝐴𝐴𝐴𝑔𝑔𝑟𝑟𝑑𝑑 is defined as [29]: 
𝜏𝜏𝐴𝐴𝐴𝐴𝑔𝑔𝑟𝑟𝑑𝑑,𝑛𝑛 = 1𝐶𝐶𝑝𝑝𝑁𝑁𝐴𝐴2 + 𝐶𝐶𝑛𝑛𝑁𝑁𝐴𝐴∆𝑑𝑑 (2.19) 
Under low injection conditions, the excess minority carrier electrons are much less 
than the acceptor concentration (i.e. ∆𝑑𝑑 ≪ 𝑁𝑁𝐴𝐴) and Eq.(2.19) will become [28][33]: 
𝜏𝜏𝐴𝐴𝐴𝐴𝑔𝑔𝑟𝑟𝑑𝑑,𝑛𝑛 ≈ 1𝐶𝐶𝑝𝑝𝑁𝑁𝐴𝐴2 (2.20) 
In short, the Auger minority carrier lifetime is determined by the doping concentration 
(i.e. the majority carrier concentration). Auger recombination normally occurs during 
high injection levels under concentrated sunlight or in highly doped materials [29][34]. 
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Figure 2.9 Band diagram showing the mechanisms of the Auger recombination 
processes [28] 
2.1.4 Minority carrier lifetime 
In the space charge region, the hole concentration is much smaller than the acceptor 
concentration (i.e. 𝑑𝑑 ≪ 𝑁𝑁𝐴𝐴) and the electron concentration is much smaller than the 
donor concentration (i.e. 𝑑𝑑 ≪ 𝑁𝑁𝐷𝐷), so the simplified formulae derived for p-type or n-
type quasi-neutral regions are not valid. Therefore, the overall recombination rate 
needs to be calculated after summing up Equations (2.11), (2.14) and (2.17) [29][35]: 
𝑟𝑟𝑑𝑑𝑟𝑟𝑐𝑐 = 𝑟𝑟𝑆𝑆𝑆𝑆𝑆𝑆 + 𝑟𝑟𝑑𝑑𝑟𝑟𝑑𝑑 + 𝑟𝑟𝐴𝐴𝐴𝐴𝑔𝑔𝑟𝑟𝑑𝑑 = 𝑑𝑑𝑑𝑑 − 𝑑𝑑0𝑑𝑑01
𝐴𝐴𝑛𝑛
�𝑑𝑑 + 𝑑𝑑𝑑𝑑𝑒𝑒𝑑𝑑𝑑𝑑 �−𝐸𝐸𝑑𝑑 − 𝐸𝐸𝑑𝑑𝑘𝑘𝐵𝐵𝑇𝑇 �� + 1𝐴𝐴𝑝𝑝 �𝑑𝑑 + 𝑑𝑑𝑑𝑑𝑒𝑒𝑑𝑑𝑑𝑑 �𝐸𝐸𝑑𝑑 − 𝐸𝐸𝑑𝑑𝑘𝑘𝐵𝐵𝑇𝑇 �� +𝐵𝐵(𝑑𝑑𝑑𝑑 − 𝑑𝑑0𝑑𝑑0) +𝐶𝐶𝑛𝑛(𝑑𝑑𝑑𝑑 − 𝑑𝑑0𝑑𝑑0)𝑑𝑑 − 𝐶𝐶𝑝𝑝(𝑑𝑑𝑑𝑑 − 𝑑𝑑0𝑑𝑑0)𝑑𝑑 
(2.21) 
In the p-type quasi-neutral region, the majority carriers are holes and is assumed to be 
the same as the doping concentration (i.e. 𝑑𝑑 ≅ 𝑑𝑑0 = 𝑁𝑁𝐴𝐴) and under low injection 
conditions, 𝑑𝑑 = 𝑑𝑑0 + ∆𝑑𝑑. The recombination rate in the p-type quasi-neutral region is 
dominated by the minority electrons and so Eq.(2.21) can be simplified to [29]: 
𝑟𝑟𝑑𝑑𝑟𝑟𝑐𝑐 = (𝐴𝐴𝑛𝑛 + 𝐵𝐵𝑁𝑁𝐴𝐴 + 𝐶𝐶𝑝𝑝𝑁𝑁𝐴𝐴2 + 𝐶𝐶𝑛𝑛𝑁𝑁𝐴𝐴∆𝑑𝑑)∆𝑑𝑑 = ∆𝑑𝑑𝜏𝜏𝑛𝑛  (2.22) 
where the minority electron lifetime 𝜏𝜏𝑛𝑛 is given by: 
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𝜏𝜏𝑛𝑛 = 1𝐴𝐴𝑛𝑛 + 𝐵𝐵𝑁𝑁𝐴𝐴 + 𝐶𝐶𝑝𝑝𝑁𝑁𝐴𝐴2 + 𝐶𝐶𝑛𝑛𝑁𝑁𝐴𝐴∆𝑑𝑑 (2.23) 
Under low injection conditions, ∆𝑑𝑑 ≪ 𝑁𝑁𝐴𝐴 and thus the ∆𝑑𝑑 term can be omitted: 
𝜏𝜏𝑛𝑛 = 1𝐴𝐴𝑛𝑛 + 𝐵𝐵𝑁𝑁𝐴𝐴 + 𝐶𝐶𝑝𝑝𝑁𝑁𝐴𝐴2 (2.24) 
The inverse of the minority electron carrier lifetime in Eq.(2.24) is the sum of the 
inverse lifetimes of the SRH, radiative and Auger processes [28]: 1
𝜏𝜏𝑛𝑛
= 𝐴𝐴𝑛𝑛 + 𝐵𝐵𝑁𝑁𝐴𝐴 + 𝐶𝐶𝑝𝑝𝑁𝑁𝐴𝐴2 = 1𝜏𝜏𝑆𝑆𝑆𝑆𝑆𝑆,𝑛𝑛 + 1𝜏𝜏𝑑𝑑𝑟𝑟𝑑𝑑,𝑛𝑛 + 1𝜏𝜏𝐴𝐴𝐴𝐴𝑔𝑔𝑟𝑟𝑑𝑑,𝑛𝑛 (2.25) 
In addition to recombination in the bulk material, recombination can also occur at the 
surfaces. Surfaces contain a high density of trap states which capture minority carriers. 
These trap states are caused by disruptions in the crystal lattice which results in sites 
of high recombination, but can be limited by surface passivation [36]. Bulk and surface 
recombination occur simultaneously and it can be difficult to separate these two 
processes. Therefore, the measured minority carrier lifetime is usually known as the 
overall effective carrier lifetime (𝜏𝜏𝑟𝑟𝑑𝑑𝑑𝑑𝑟𝑟𝑐𝑐𝑑𝑑𝑑𝑑𝑣𝑣𝑟𝑟) which is the combination of the surface 
(𝜏𝜏𝑠𝑠𝐴𝐴𝑑𝑑𝑑𝑑𝑟𝑟𝑐𝑐𝑟𝑟) and bulk (𝜏𝜏𝑏𝑏𝐴𝐴𝑏𝑏𝑏𝑏) recombination carrier lifetime [29]: 1
𝜏𝜏𝑟𝑟𝑑𝑑𝑑𝑑𝑟𝑟𝑐𝑐𝑑𝑑𝑑𝑑𝑣𝑣𝑟𝑟
= 1
𝜏𝜏𝑏𝑏𝐴𝐴𝑏𝑏𝑏𝑏
+ 1
𝜏𝜏𝑠𝑠𝐴𝐴𝑑𝑑𝑑𝑑𝑟𝑟𝑐𝑐𝑟𝑟
 (2.26) 
Similarly to carrier lifetime, the diffusion length 𝐿𝐿 is another parameter to characterise 
recombination. The diffusion length is the average distance a carrier can move from 
the point of generation to the point of recombination [22] and is related to the minority 
carrier lifetime by [19]: 
𝐿𝐿 = √𝐷𝐷𝜏𝜏 (2.27) 
where 𝐷𝐷 is the diffusivity in (m2/s) and 𝜏𝜏 is the minority carrier lifetime. In short, 
longer minority carrier lifetimes and diffusion lengths are associated with higher 
efficiency solar cells. This is because charge carriers will persist for a long time before 
recombining, which means there is a higher probability that the charge carrier will be 
collected by the p-n junction and transported away to the external circuit, increasing 
the overall output power. 
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2.1.5 Solar cell operation 
The previous sections described the formation of a p-n junction and the drift and 
diffusion transport processes after combining n-type and p-type semiconductors. This 
was followed by the generation and recombination of charge carriers in the 
semiconductors. This section will look at the operation of the p-n junction considering 
these processes. 
Figure 2.10 shows a p-n junction under illumination, where an electron-hole pair is 
created from the absorption of the incident light, and is then driven by the built-in 
electric field. The negatively charged electrons will move against the direction of the 
built-in electric field towards the n-type quasi-neutral region, while the positively 
charged holes will move along the direction of this built-in electric field towards the 
p-type quasi-neutral region. 
 
Figure 2.10 A schematic diagram showing the space-charge and quasi-neutral 
regions of a p-n junction under illumination. The open and solid 
circles represent the holes and electrons, respectively. The dotted 
arrows represent the directions of the particle flow and the solid 
arrows represent the conventional current flow 
When reverse bias is applied to a p-n junction (i.e. a reverse voltage), the built-in 
electric field at the space charge region will increase. This results in the depletion 
width increasing which increases the barrier to carrier injection  [37].  
The ideal diode equation can be used to describe a solar cell’s behaviour in the dark: 
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𝐼𝐼𝑑𝑑 = 𝐼𝐼0 �𝑒𝑒𝑞𝑞𝑞𝑞𝑏𝑏𝑘𝑘 − 1� (2.28) 
where 𝐼𝐼𝑑𝑑 is the diode dark current, 𝐼𝐼0 is the saturation current, 𝑞𝑞 is the electron charge, 
𝑘𝑘 is the Boltzmann constant and 𝑇𝑇 is the temperature. 
When a PV device is under illumination, the incident photons are absorbed which 
generates a photocurrent 𝐼𝐼𝑝𝑝ℎ in the opposite direction. The photocurrent is added to the 
dark current which is the superposition principle. If the current 𝐼𝐼 is plotted against the 
voltage 𝑉𝑉 the resulting I-V curve is shown in Figure 2.11. 
𝐼𝐼 = 𝐼𝐼𝑑𝑑ℎ − 𝐼𝐼𝑑𝑑 (2.29) 
 
𝐼𝐼 = 𝐼𝐼𝑝𝑝ℎ − 𝐼𝐼0 �𝑒𝑒𝑑𝑑𝑑𝑑 � 𝑞𝑞𝑉𝑉𝑑𝑑𝑘𝑘𝑇𝑇� − 1� (2.30) 
 
 
Figure 2.11 I-V curve of a solar cell in the dark and under illumination 
The I-V curve characterises the output power of a solar cell which is equal to the area 
in the top right quadrant of the graph. At each point on the I-V curve, the product of 𝐼𝐼 
and 𝑉𝑉 yields the power output. The maximum output power is the product of the 
current 𝐼𝐼𝑚𝑚𝑝𝑝𝑝𝑝 and  voltage 𝑉𝑉𝑚𝑚𝑝𝑝𝑝𝑝 and is known as the maximum power point 𝑀𝑀𝑝𝑝𝑝𝑝. The 
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overall efficiency 𝜂𝜂 of a solar cell is the output power as a fraction of the incident 
sunlight power 𝑃𝑃𝑑𝑑𝑛𝑛: 
𝜂𝜂 = 𝐼𝐼𝑚𝑚𝑝𝑝𝑝𝑝 × 𝑉𝑉𝑚𝑚𝑝𝑝𝑝𝑝
𝑃𝑃𝑑𝑑𝑛𝑛
 (2.31) 
Furthermore, 𝜂𝜂 is limited by the short circuit current 𝐼𝐼𝑆𝑆𝑆𝑆  and open circuit voltage 𝑉𝑉𝑂𝑂𝑆𝑆, 
using the fill factor 𝐹𝐹𝐹𝐹: 
𝜂𝜂 = 𝐼𝐼𝑆𝑆𝑆𝑆 × 𝑉𝑉𝑂𝑂𝑆𝑆 × 𝐹𝐹𝐹𝐹
𝑃𝑃𝑑𝑑𝑛𝑛
 (2.32) 
𝐼𝐼𝑆𝑆𝑆𝑆  is the maximum current that the device can supply to an external circuit and flows 
when the solar cell is short-circuited (i.e. 𝑉𝑉 = 0). For most practical PV devices, 𝐼𝐼𝑠𝑠𝑐𝑐 is 
directly proportional to the incident sunlight and in the ideal case with no losses is 
simply the photocurrent [38]: 
𝐼𝐼𝑠𝑠𝑐𝑐 = 𝐼𝐼𝑝𝑝ℎ (2.33) 
The open-circuit voltage is the maximum voltage potential the solar cell can achieve 
and occurs with open contacts (i.e. 𝐼𝐼 = 0). This is shown by the following equation for 
an ideal cell:    
𝑉𝑉𝑂𝑂𝑆𝑆 = 𝑑𝑑𝑘𝑘𝑇𝑇𝑞𝑞 𝑙𝑙𝑑𝑑 �𝐼𝐼𝑝𝑝ℎ𝐼𝐼0 + 1� (2.34) 
As can be observed from Eq.(2.34), the voltage depends on the reverse saturation 
current 𝐼𝐼0 and the light generated photocurrent 𝐼𝐼𝑝𝑝ℎ. 𝑉𝑉𝑜𝑜𝑐𝑐  increases logarithmically with 
increasing light intensity (irradiance). The 𝑉𝑉𝑜𝑜𝑐𝑐 is affected by the reverse saturation 
current which in turn depends on recombination. Therefore, 𝑉𝑉𝑜𝑜𝑐𝑐 is also a measure of 
the amount of recombination [39] which will be discussed further in Section 2.1.6.  
2.1.6 Losses in solar cells 
It was discussed in the previous section that the efficiency of a PV device is limited by 
the 𝑉𝑉𝑜𝑜𝑐𝑐 and 𝐼𝐼𝑠𝑠𝑐𝑐 parameters [38] which in turn are affected by generation and 
recombination of charge carriers. As a result, recombination is one of the main sources 
of loss in the efficiency of PV devices [40].  
24 
 
Recombination affects the 𝑉𝑉𝑜𝑜𝑐𝑐 as the forward bias dark current is dependent on the rate 
of recombination in the PV device. A high recombination rate increases the forward 
bias dark current, which results in a decrease in the 𝑉𝑉𝑜𝑜𝑐𝑐 [41]. The 𝐼𝐼𝑠𝑠𝑐𝑐 is directly 
proportional to the incident irradiance in an ideal device with zero losses. This requires 
that all the generated charge carriers are collected at the contacts and pass through the 
external circuit before they recombine, which is not the case in real devices. Therefore, 
a higher recombination rate reduces the short-circuit current of the device [42].  
The point at which an electron-hole pair is generated within the device material has an 
effect on the chances of charge carrier collection because of their finite diffusion 
lengths and lifetimes. This is known as the carrier collection probability [43]. Figure 
2.12 shows the possible types and locations of recombination losses in a p-n junction 
solar cell. Generally, if the point of electron-hole pair generation is close to (or within 
the diffusion length of) the p-n junction then there is a higher chance of charge carrier 
collection [38]. If the charge carrier is not collected, then it will recombine either at 
the surfaces, in the bulk or depletion region. Surface and bulk recombination need to 
be minimised for efficient charge carrier collection. 
 
Figure 2.12 Recombination types and locations in a solar cell. The charge carriers 
which do not recombine are separated by the electric field in the 
p-n junction and collected by the contacts [38] 
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2.2 Solar cell characterisation techniques overview 
It was discussed previously that recombination is an unavoidable source of 
performance loss in PV devices which results in decreased efficiency. Therefore, it is 
important to experimentally characterise the recombination processes at each stage in 
the device fabrication to identify the source of recombination losses. This leads to a 
better understanding of the root causes, which is the first step towards improved 
fabrication methods and subsequent higher PV device efficiencies. 
There are many types of optical and electrical characterisation techniques which are 
used to investigate the recombination processes, minority carrier lifetime and transport 
processes. The following sections describe the operating principles of the most 
relevant characterisation techniques that are applied in this work. Furthermore, the 
information which can be extracted, and the advantages and limitations of each 
technique are detailed.  
2.2.1 Spectrally-resolved photoluminescence 
Luminescence describes the spontaneous emission of light from a material which 
arises from deviations in the thermal equilibrium [9]. The material needs to be supplied 
with excitation energy and the luminescence is classified by the type of excitation 
energy [44]. One type is photoluminescence where light is the excitation energy. 
Spectrally-resolved photoluminescence (PL) can be used to analyse the optoelectronic 
properties of semiconductor materials.  
Figure 2.13 shows a schematic diagram of a typical PL spectroscopy experiment. The 
measurement principle for PL is as follows:  
1. The sample is excited by an optical excitation source with a fixed 
wavelength and energy larger than the sample bandgap. This generates 
electron-hole pairs in the semiconductor material. 
2. The subsequent recombination of charge carriers results in the 
spontaneous emission of photons if the recombination is radiative. 
3. The emitted photons are collected by collection optics, directed into a 
monochromator via focussing optics and observed by a photodetector [9]. 
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4. The emission spectrum is scanned within the selected wavelength range to 
obtain a plot of PL intensity as a function of wavelength or photon energy. 
 
Figure 2.13 Schematic of a typical PL measurement setup 
The intensity and spectral content from the resulting PL emission spectrum allows for 
the following semiconductor material properties to be extracted [45]: 
• Material bandgap – The most common electronic transitions 
during radiative recombination in semiconductors are between 
states in the conduction and valance bands [46]. Therefore, the 
main emission peak in the PL spectrum from the radiative 
recombination can be used to determine the material bandgap. This 
is particularly useful to quantify the elemental composition of 
compound semiconductors such as CIGS where the bandgap can 
vary with the compositional parameter [10]. 
• Material interfaces, impurities and defects – The high sensitivity 
of PL spectroscopy allows for the potential identification of 
interfaces, impurities and defects in the semiconductor material 
when measuring the sample below room temperature. Measuring at 
lower temperatures reduces the thermal broadening of the excited 
carrier energies. This produces sharper PL emission peaks [47] as 
it reduces the role of competing SRH recombination centres, which 
improves the PL signal-to-noise ratio (SNR) [45][48]. Impurities 
and defects can produce spectral peaks which are separate from the 
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main bandgap emission peak and several peaks can be seen in a 
single PL spectrum [10]. 
• Dominant recombination mechanisms – The intensity of the 
measured PL emission is related to the relative radiative and SRH 
recombination rates in the material. SRH recombination rates are 
normally affected by impurities and defects, which in turn affects 
the material quality [45].  
PL is a contactless technique so it can be used as an in-line characterisation technique 
throughout all stages of device fabrication. It allows for the identification of the 
processing stages at which material impurities/defects are introduced into the solar cell 
material [49]. This also allows for identification of defective devices before  the device 
fabrication process is finished [45]. 
However, PL has some fundamental drawbacks. Since it relies on radiative 
recombination, it is difficult to measure materials with low radiative recombination 
activity such as c-Si, an indirect bandgap semiconductor. In such cases the measured 
PL signal can be improved by increasing the excitation power, but this can result in 
sample damage [48]. 
2.2.2 Time-resolved photoluminescence 
Time-resolved photoluminescence (TRPL) is a characterisation technique that adds 
transient measurement capability to spectrally-resolved PL. Hence, TRPL yields time-
based information of charge carrier recombination mechanisms in semiconductor 
materials. 
TRPL is measured by exciting the sample with a pulsed optical source and then 
measuring the subsequent luminescence emission decay as a function of time [7]. The 
time-correlated single photon counting (TCSPC) method is a commonly used method 
to measure TRPL [5]. Figure 2.14 shows a schematic of a typical TRPL measurement 
setup using TCSPC. The principle is similar to that of an electronic stopwatch and 
works by the detection of single photons: 
1. The sample is optically excited with the pulsed excitation source which 
also sends a reference START signal to the TCSPC electronics and starts 
the timer.  
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2. A single light pulse generates electron-hole pairs in the sample which 
results in the emission of photons via radiative recombination.  
3. The emitted photons are collected and focussed onto the monochromator’s 
input slit. The monochromator is usually set to the wavelength 
corresponding to the sample’s band-to-band recombination [50].  
4. A single photon is then detected by a photodetector at the monochromator 
output, which sends a STOP signal to the TCSPC electronics.  
5. The time difference between the START-STOP signals is recorded over a 
large number of cycles (excitation pulses) and plotted as a histogram.  
6. In the resulting histogram, the x-axis is the binned time differences and the 
y-axis is the number of detected photons within each time bin [5].  
 
Figure 2.14 Schematic of a typical TRPL measurement setup using TCSPC  
TRPL is often used to provide additional complementary information with the spectral 
data from steady-state PL. The resulting TRPL decay curve allows the following 
semiconductor material properties to be extracted: 
• Minority carrier lifetime – TRPL directly measures the minority 
carrier lifetime through the luminescence decay from radiative 
recombination [7]. In previous work, longer minority carrier 
lifetimes have been correlated with higher open circuit voltages of 
PV devices which can increase the overall efficiency [32][51]. 
• Semiconductor material quality – TRPL provides further 
temporal information on recombination in semiconductor 
materials. Therefore, the minority carrier lifetime is also an 
indicator of the quality of the semiconductor material [52].  
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Most modern TRPL systems have a system response in the pico-seconds regime. As a 
result, TRPL is suitable for characterising the faster charge carrier dynamics of direct 
bandgap semiconductors via the optical emission, which are in the ns-μs range [53]. 
These direct bandgap semiconductors cannot be easily measured using slower 
responding techniques such as quasi steady-state photo-conductance (QSSPC), which 
are traditionally used to measure indirect bandgap semiconductors such as c-Si 
[53][54].  
TRPL is also a contactless technique so it can be used as an in-line characterisation 
technique even on unfinished devices and so allows for the identification of changes 
in the material properties during production. For example, during the work of 
Kuciauskas et al. [11], TRPL measurements were conducted at each processing step 
during the CdS/CdTe PV device fabrication. It was found that the measured TRPL 
minority carrier lifetimes increased with each subsequent fabrication stage, indicating 
reduced recombination due to Cadmium Chloride (CdCl2) and ZnTe:Cu processing 
steps. 
However, TRPL relies on the detection of single photons from radiative recombination 
which means it is difficult to measure materials with low radiative recombination 
activity. This is the case for indirect bandgap semiconductors where SRH 
recombination is dominant and there is insufficient light emission from the sample [7]. 
In short, the slower charge carrier dynamics of indirect bandgap semiconductors 
coupled with the dominant SRH recombination process results in very noisy TRPL 
measurements of c-Si solar cells [55]. It is also difficult to directly measure or pinpoint 
the source of SRH recombination in the material [7]. Furthermore, TRPL 
measurements are unable directly measure the charge carrier transport and collection 
processes in solar cells [56].  
2.2.3 Transient photocurrent decay 
The charge carrier dynamics in finished solar cells (those with contacts) can also be 
measured electrically. Transient photocurrent decay (TPCD) is one such electrical 
characterisation technique, which measures the overall effective carrier 
recombination, transport and collection processes in solar cells measured near the 
short-circuit condition [6][8][57]. 
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Figure 2.15 shows a schematic of a typical TPCD experiment. The measurement 
principle for TPCD is as follows: 
1. The sample is first contacted by probes to an oscilloscope.  
2. Similarly to TRPL, the sample is then excited with a pulsed light source.  
3. A single excitation pulse creates excess minority carriers in the PV device 
and thus generates a photocurrent.  
4. The excitation source also sends a trigger signal to the oscilloscope to 
record the generated photocurrent. 
5. The subsequent current decay is measured as a function of time and the 
effective carrier transport time can be extracted from the decay curve.  
 
Figure 2.15 Schematic of a typical TPCD measurement setup 
The resulting TPCD curve allows for the extraction of the following semiconductor 
material and device properties: 
• Effective carrier transport time – TPCD directly measures the 
effective carrier transport time through current decay [6][57]. This 
current decay is a combination of the recombination, transport and 
collection processes in solar cells [8][58]. 
• Charge carrier collection dynamics – TPCD is measured near 
short circuit  and allows for the extraction of carrier transport time, 
which is the time for a carrier to travel across the device to the 
contact without recombining [6][8]. This in turn can provide further 
31 
 
information on charge extraction defects which are caused by 
increased recombination impairing the collection of charge carriers 
[8]. 
TPCD has several limitations. As it is an electrical characterisation technique, it can 
only be used to characterise finished PV devices with electrical contacts rather than a 
device partway through the fabrication process. TPCD measures the overall lumped 
effect of various recombination types. This makes it difficult to distinguish between 
different recombination mechanisms as well as the carrier transport mechanisms 
purely from the extracted TPCD lifetime values. Furthermore, carrier recombination 
occurs alongside the carrier transport processes. Hence the measured transport time 
includes the effects of carrier recombination. In addition, carrier recombination in 
TPCD is non-localised as it occurs along the whole carrier transport path. Therefore, 
it is difficult to directly extract the carrier recombination lifetime just from TPCD. 
2.3 Chapter conclusions 
This chapter first reviewed the fundamental semiconductor physics of solar cells, with 
the three main recombination processes (SRH, radiative and Auger) and the two 
transport processes (drift and diffusion). Thereafter this chapter discussed the main 
characterisation techniques used to investigate recombination processes, minority 
carrier lifetime and transport processes in solar cells. It was shown that all these 
characterisation techniques yield different information for recombination and transport 
processes. This means that using just a single measurement technique would result in 
important device characteristic details being lost. Furthermore, if the minority carrier 
lifetime of a solar cell is characterised using optical and electrical characterisation, this 
is usually conducted using separate measurement systems, which can lead to 
incomparable results due to the different excitation area and depth on the sample. 
Combining these characterisation techniques in a measurement system with the same 
excitation source and point will allow for the direct measurement of the localised 
carrier lifetime by TRPL and the localised carrier transport time by TPCD. Since they 
are measured at the same spot on the sample, the localised carrier collection efficiency 
can be extracted, which is more difficult using separate characterisation techniques 
due to a potential different measurement spot. The design and development of this 
combined measurement system will be described in the following chapter. 
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3 Design and development of the 
combined measurement system 
The main aim of this thesis is to quantify the localised carrier collection efficiency of 
solar cells from combined spectrally-resolved photoluminescence (PL), time-resolved 
photoluminescence (TRPL) and transient photocurrent decay (TPCD) measurements. 
In order to achieve this, a combined measurement system of PL, TRPL and TPCD has 
been developed. 
As part of the design and development process, research was conducted on the 
individual system components, key to each characterisation technique. Hence, Section 
3.1 presents an in-depth review of the main hardware components required for PL, 
TRPL and TPCD. The advantages and drawbacks of different design options are 
discussed. The final selection of components for the combined measurement system 
was based on this review. Sections 3.2 and 3.3 provide a detailed description of the 
specific design and development process for the hardware and software of the 
combined measurement system realised during this work. 
3.1 Review of the current state-of-the-art  
The first step in the development of any system is to define a set of requirements that 
result in meeting its desired functionality, which in this case are the type of samples to 
be measured and the information to be extracted from the measurements. The main 
requirements to be able to characterise the existing and future thin film technologies 
from CREST were defined as follows: 
• The ability to measure PL and TRPL of CdTe, CIGS and CZTS thin 
film solar cells of cell size up to 25mm2, within the wavelength 
range 700nm to 1600nm (equivalent photon energy ~1.77eV to 
0.78eV). 
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• The optimal wavelength of the excitation source to be absorbed 
close to the bulk material (a few hundred nm). 
• The ability to measure TRPL of samples within a time resolution in 
the nanosecond regime (~0.1ns-10ns). 
• The ability to measure TPCD of samples within a time resolution 
in the nanosecond to microsecond range (~10ns-1000ns). 
From this set of defined requirements, a selection of the main components for the 
combined PL, TRPL and TPCD system could be defined. Table 1 shows a summary 
of the main components for each characterisation technique, where a tick means the 
component is required for the characterisation technique. It is observed from Table 1 
that several components are required by all three characterisation techniques. Hence, 
the suitability of an individual component for all techniques needs to be considered 
(e.g. a component might be suitable for one type of technique but not the others). 
Figure 3.1 shows a general schematic of a PL, TRPL and TPCD setup combined 
together with the main components. The following six subsections will review the 
hardware options for each component along with their advantages and disadvantages. 
The components which are selected, based on this review, and system detailed 
requirements will be described and justified in Section 3.2. 
 
Figure 3.1 Schematic of a PL, TRPL and TPCD setup combined together with 
the main components 
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Component  PL TRPL TPCD 
1. Excitation source    
2. Focussing and 
collection optics 
   
3. Monochromator    
4. Photodetector    
5. TCSPC Electronics    
6. Oscilloscope    
Table 1 The main components of each characterisation technique. A tick means 
the component is required for the technique  
3.1.1 Excitation sources  
The main requirements for the excitation light source in PL, TRPL and TPCD 
experiments are: 
• The photon energy needs to exceed the bandgap of a sample of at least 
~1.77eV (i.e. λ < 700nm). 
• The wavelength of the excitation source to be absorbed close to the bulk 
material (an absorption depth of a few hundred nm). 
• The excitation source needs to be pulsed for transient techniques (TRPL 
and TPCD) with an optimal frequency to induce a detectable PL and 
current decay from the sample.  
All these factors need to be considered when selecting a single excitation source to 
measure PL, TRPL and TPCD. Continuous wave (steady state) excitation sources, 
which are typically used to measure PL, were not considered as they cannot be used to 
measure TRPL and TPCD. There are several types of light sources which can be used 
for sample excitation: 
• Flash lamps 
• Picosecond dye lasers 
• Femtosecond titanium sapphire lasers 
• Pulsed laser diodes 
• Pulsed light emitting diodes (LEDs) 
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Before the introduction of picosecond lasers, coaxial flash lamps were typically used 
for TRPL systems. The most significant drawbacks of flash lamps are the lower 
repetition rates (up to 100kHz), longer pulse widths and lower intensities when 
compared to laser sources. This leads to longer measurement acquisition times and 
limited sensitivity. As a result, lasers are now more commonly used in modern TRPL 
setups for measuring thin film solar cells because of the narrower pulse widths, faster 
repetition rates and higher optical power [59]. Furthermore, coaxial flash lamps are 
only suitable for measuring the transient photocurrent and photovoltage of Si solar 
cells which have a much longer minority carrier lifetime [60][61]. 
Picosecond dye lasers were the dominant excitation sources used in TRPL systems 
during the early 2000s. They have been used for TRPL measurements of CdTe solar 
cells [32][62] and also to measure transient photocurrent decay of organic solar cells 
[8][63]. Dye lasers are passive devices which require pumping from an additional 
optical source. The source can either be a mode-locked argon (Ar) laser or a mode-
locked neodymium:YAG (Nd:YAG) laser. The dye that is pumped is a replaceable 
organic liquid solution such as Rhodamine 6G (R6G), with which the wavelength of 
dye lasers is also tuneable. Dye lasers require periodic maintenance and also re-
alignment, which increases the difficulty of operation [64].  
Titanium sapphire (Ti:sapphire) lasers are simpler to operate than dye lasers as they 
are solid state devices without dyes that need to be replaced. Ti:sapphire lasers are 
pumped with solid-state-diode pumped lasers, which are similar to Nd:YAG lasers 
[65]. Ti:sapphire lasers have very short pulse widths in the femtosecond range (100fs) 
and very high laser power, which makes them useful for multi-photon excitation and 
laser scanning microscopy [65]. However, they still require periodic alignment which 
makes them more complex to operate than pulsed diode lasers and light-emitting 
diodes (LEDs).  
Pulsed diode lasers and LEDs are now becoming more popular for TRPL setups 
[53][66]. They are simpler to operate, more compact, and require almost no 
maintenance or realignment compared to dye or Ti:sapphire lasers. The repetition rates 
of laser diodes and LEDs are easily adjustable by simply adjusting the electrical input. 
This is simpler than argon, Nd:YAG and Ti:sapphire lasers where the laser repetition 
rate is determined by the length of the cavity [66]. However, LEDs have the drawback 
of the light being incoherent with a wider spectral output, which results in the light 
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being harder to manipulate (i.e. focussed or expanded). Unlike LEDs, diode lasers are 
coherent light sources which have a monochromatic, narrow low-divergence beam and 
behave as a point source [67]. As a result, the light can be efficiently focussed and 
collected which results in PL measurements with a high signal-to-noise (SNR) ratio. 
Furthermore, diode lasers have very narrow pulse widths (around 70ps) which is 
sufficient to measure carrier lifetime in the ns range [66]. While LEDs have longer 
pulse widths (around 600ps), pulsed LEDs have been used extensively in previous 
work in measuring transient photocurrent and photovoltage decay of solar cells 
[6][68][69]. 
A more detailed review of the operating principles of all these excitation sources can 
be found in a book from Lakowicz [70]. From the above review, it was decided that a 
pulsed diode laser would be most suitable for the combined measurement system due 
to its operating simplicity, compactness, short pulse widths and low cost. A Picoquant 
pulsed diode laser head and driver was selected for the combined measurement system 
and is described in more detail in Section 3.2.1. 
3.1.2 Optical path components 
This section reviews the optical systems that have been applied for each 
characterisation technique. The main requirements for the optical system are: 
• The ability to direct and focus the excitation source onto the sample and 
collect the resulting luminescence emission. 
• The ability to scan and select a specific wavelength of the luminescence 
and direct it to the photodetectors. 
• To require no periodical realignment before conducting measurements.  
When a sample is excited during PL and TRPL spectroscopy, it emits luminescence in 
practically all directions, even if the sample is not a perfect isotropic emitter. There are 
several fundamental optical systems (see Figure 3.2) which can be implemented to 
focus the light source and collect the resulting luminescence [71]: 
• Transmission geometry  
• Back reflection geometry  
• Reflection geometry (perpendicular excitation and emission axes) 
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Figure 3.2 PL spectroscopy optical setups (a) transmission, (b) back-reflection 
and (c) perpendicular-reflection geometry [71] 
Figure 3.2 (a) illustrates the transmission geometry optical system, where the axis of 
the optical path of the sample excitation and emission are the same. The sample is 
excited on one side and the resulting emission is collected from the opposite non-
excited side of the sample. The advantage of this setup is the ease of adjustment of the 
optics. However, this setup cannot be used if the device has an opaque or reflective 
rear contact as commonly used in thin-film PV devices. Even if the device is 
transparent to the PL emission, the signal can be significantly reduced by scattering 
and reabsorption in the sample as the emission is collected on the other side [71]. 
Therefore, this setup is more suitable to characterise the fluorescence of chemical 
solutions [72][73] rather than solar cells. 
Figure 3.2 (b) shows the back-reflection geometry, where the luminescence is 
collected from the same sample area as the light source excitation focussed by a lens 
(e.g. a microscope objective lens). The excitation beam is perpendicular to the optical 
axis of the luminescence collection. A variety of optics can be used to direct the 
excitation beam, such as a prism mirror, dichroic mirror or a beam splitter. However, 
the optical alignment is more complex than the transmission geometry because the 
optimum power density of the sample excitation and the maximum luminescence 
collection need to be achieved [71].  
Figure 3.2 (c) shows the perpendicular-reflection geometry. This type of setup requires 
the excitation and emission path to be adjusted independently. Compared to case (b), 
it can be adjusted to avoid the reflection of the excitation beam into the photodetector 
[71]. In short, the back-reflection [74]–[76] and perpendicular [50][77] geometries are 
the most commonly used optical setups for PL/TRPL characterisation of solar cells. 
The majority of commercially available PL/TRPL systems are of the spectrometer or 
microscope arrangements as shown in Figure 3.3. The perpendicular-reflection 
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geometry is typically used in spectrometer systems while the back-reflection geometry 
is normally used for microscope systems.  
 
Figure 3.3 Example schematics of commercial PL/TRPL systems: (a) 
spectrometer system and (b) microscopy system [9] 
Figure 3.3 (a) shows a typical PL/TRPL spectrometer system which can be separated 
into two main parts: the excitation source, and a monochromator with photodetectors 
or just a charge coupled device (CCD) array detector. The excitation source is normally 
mounted onto an opening in the enclosure, which houses the optical system and the 
sample. The resulting luminescence emitted from the sample is collected by collection 
optics which can be a lens or off-axis parabolic mirror. The collected light is then 
directed to a monochromator. Additional longpass or notch filters can be used to block 
the excitation light [9]. The monochromator input is connected to another opening in 
the enclosure and a photodetector is coupled to the monochromator output to detect 
the PL emission. 
A microscope objective lens and an XY stage are typically used when spatially-
resolved PL or TRPL measurements with a high spatial resolution are required. Figure 
3.3 (b) shows a microscopy PL/TRPL setup where the excitation source is focussed 
onto the sample by an objective lens. The resulting emission is collected by the same 
lens and is transmitted through either a beam splitter or a dichroic mirror and focussed 
into a photodetector. The sample can be mounted on an XY stage which allows for 
two-dimensional scanning, yielding PL intensity [9]  and TRPL lifetime maps [53]. 
Many optical systems in PL/TRPL spectroscopy are a combination of the above 
configurations and components, depending on the experimental requirements. The 
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microscopy configuration can be modified in several ways. An optical fibre can be 
used to deliver the excitation beam and collect the resulting PL emission [74]. This 
flexibility simplifies and reduces the need for periodic alignment [78]. Furthermore, 
optical fibres can be used outside of the light tight enclosure in a high vacuum chamber 
[74] or in a cryostat for low temperature PL measurements [79]. However, optical 
fibres can result in reduction of the excitation power due to coupling losses. 
The optical setup for transient photocurrent decay measurements is simpler than PL 
and TRPL, as there is no need for collection optics. Another possible simplification is 
to focussing optics, which are normally not used if LEDs or flash lamps illuminate the 
entire sample. However, focussing optics are necessary when under-illuminating the 
sample or when 2D scanning is required (for spatially-resolved measurements) [8]. 
From the above requirements and review, the back-reflection geometry using a 
microscopic objective lens to focus the laser and collect the resulting luminescence 
was found to be the most suitable for the combined measurement system. This is 
because it only requires a single optic for laser focussing and emission collection, 
which simplifies the overall alignment. Furthermore, a monochromator is used to 
allow for wavelength scanning and selection for TRPL and PL measurements. Optical 
fibres were not used to maximise the light throughput of the entire optical system. The 
full optical system will be described in detail in Sections 3.2.1 and 3.2.2.  
3.1.3 Monochromators 
As discussed previously in Section 3.1.2, a monochromator is required for PL and 
TRPL measurements. A monochromator is a device used to spatially disperse different 
wavelengths of the luminescence emitted from the sample with a dispersion element 
such as a grating or a prism. It can be used to select a specific wavelength of light or 
to scan across a range of wavelengths by rotating the dispersion element and recording 
the signal at the monochromator output with a photodetector [80] at specific 
wavelength intervals. Most modern monochromators used for luminescence 
spectroscopy are of the Ebert-Fastie or Czerny-Turner types as shown in Figure 3.4. 
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Figure 3.4 The most common internal optical designs of monochromators (a) 
Ebert-Fastie type and (b) Czerny-Turner [80]  
Figure 3.4 (a) shows that the optics in an Ebert-Fastie monochromator consists of one 
large spherical mirror and a diffraction grating. The diffraction grating spatially 
separates light of different wavelengths. Part of the mirror collimates the light which 
is then reflected onto the diffraction grating. The dispersed light from the grating is 
then focussed onto the exit slit in the exit plane by a separate portion of the mirror. 
The Ebert-Fastie monochromator is an inexpensive and commonly used design [81].  
Figure 3.4 (b) shows that the Czerny-Turner monochromator consists of two concave 
mirrors and a single diffraction grating. The two mirrors have the same function as the 
spherical mirror in the Ebert-Fastie monochromator, where one mirror (m1) collimates 
the light onto the grating and the second mirror focusses the dispersed light from the 
grating to the exit. Furthermore, compared to the single spherical mirror, the geometry 
of the two concave mirrors is much more flexible, as it allows for the entrance and exit 
to be in different planes and for a system to accommodate larger optics [81]. The 
quality of spectral imaging is improved when compared to the Ebert-Fastie type [80]. 
Despite this slight drawback, it was decided to use an existing Ebert-Fastie Newport 
monochromator at CREST because its slit width (600μm) allows for a sufficient 
resolution and light throughput, as well as significantly reducing expenditure. 
3.1.4 Photodetectors  
The last link in the chain for a functioning system is the photodetector. The main 
requirements for the photodetectors to be used for the PL and TRPL measurements 
are: 
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• The ability to detect within a wavelength range of 700nm to 1600nm to 
measure the corresponding photon energy of ~0.78eV to ~1.77eV 
allowing characterisation of CdTe, CIGS and CZTS thin film solar cells. 
• The photodetector for PL needs to match the gain of a conventional PMT 
for TRPL (107). 
• The ability to detect single photons with a sufficient time response transit 
time spread (TTS) of ~500ps FWHM. 
All these factors need to be considered when selecting the photodetectors to measure 
PL and TRPL. There are various types of photodetectors, each with their own 
advantages and drawbacks and falling into two main categories: single and multi-area 
photodetectors. Single area detectors are typically placed behind the output slit of a 
monochromator and the dispersion grating is scanned to obtain the PL spectrum [80] 
or for wavelength selection for TRPL decay curves. These include: 
• Photodiode 
• Avalanche photodiode (APD) 
• Single photon avalanche photodiode (SPAD)  
• Photomultiplier tube (PMT) 
• Hybrid PMT 
Whereas multi-area detectors do not require a monochromator, which include: 
• Charge-coupled device (CCD) array 
• Photodiode array 
A photodiode is an intrinsic device which generates a photocurrent when incident light 
is absorbed in the depletion region of the semiconductor junction. They are normally 
operated in the photoconductive mode (i.e. reverse biased), which improves the 
bandwidth due to a reduced junction capacitance [82]. They can also be used with a 
trans-impedance amplifier circuit to increase the gain and thus improve the SNR of the 
PL measurement. Photodiodes are inexpensive compared to most other photodetectors 
and have a wide spectral range. Si photodiodes are typically used to measure PL in the 
visible and NIR range (200-1100nm), while InGaAs photodiodes are used to measure 
in the NIR range (800nm to 2600nm). 
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A variation of the standard photodiode is the avalanche photodiode (APD) where the 
photodiode is a p-i-n junction under high reverse bias [83]. Due to the larger electric 
field, the photoelectron gains energy as it moves through the semiconductor. When it 
collides with other electrons, it knocks them into an excited state. These ‘new’ 
electrons also gain energy and excite further electrons. This mechanism is known as 
an ‘avalanche effect’ and results in a gain of approximately 102 to 103 [84], but is 
insufficient for detecting single photons for TRPL. Driving them at higher gains can 
result in the avalanche becoming self-sustaining and destruction of the diode [84]. 
Therefore, APDs are only suitable for PL. 
The single photon avalanche diode (SPAD) is fundamentally different from the 
conventional APD. Unlike APDs, SPADs are able to operate above their breakdown 
voltage resulting in a higher gain than a standard APD, which is known as the Geiger 
mode [84]. As a result, SPADs are more suitable than APDs for TRPL [75][85].   
 
Figure 3.5 The operating principles of a SPAD detector (a) passive quenching 
and (b) active quenching [84] 
SPADs have an active or passive quenching circuit which restores normal operation to 
the SPAD after each detected photon, to prevent the avalanche effect from destroying 
the diode [84]. Figure 3.5 (a) shows the principles of passive quenching. The passive 
quenching circuit results in a voltage drop across the series resistor 𝑆𝑆𝑆𝑆. This leads to 
the voltage across the diode to decrease below the breakdown voltage, quenching the 
avalanche effect [84]. Figure 3.5 (b) shows the principles of active quenching. Active 
quenching uses a quenching circuit which is trigged by the output pulse of the diode 
when a breakdown occurs. The reverse voltage is then reduced below the breakdown 
voltage level [84].  
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SPADs have a shorter transit time spread (TTS <50ps) and higher detection quantum 
efficiency (QE) than conventional PMTs. The TTS is the time interval between an 
incident photon and the appearance of the subsequent output pulse [86]. However, the 
drawbacks of SPAD detectors are the smaller active detection areas with diameters 
ranging from 20μm to 150μm, and afterpulsing which results from trapped carriers 
from the previous avalanche breakdown [84].  
PMTs are very sensitive photodetectors with a fast response (TTS <180ps) and are 
suitable for PL and TRPL. Figure 3.6 shows the schematic and operating principles of 
a PMT. It is a vacuum device which consists of a photocathode, several dynodes and 
an anode. The photocathode is used for photon to electron generation, the dynodes are 
used for electron amplification and the anode delivers the output signal [87].  
 
Figure 3.6 The schematic and operating principle of a conventional PMT [88] 
During operation, a voltage is applied across the PMT, which builds up an electric 
field. This electric field accelerates the electrons from the incident photons on the 
photocathode to the first dynode (D1). When D1 is struck by a photoelectron, several 
secondary electrons are released. These electrons then strike the second dynode (D2) 
which in turn releases more secondary electrons. The same process occurs at each 
dynode stage which each acts similarly to a gain amplifier until the electrons reach the 
anode. As a result, a single photoelectron is able to yield a detectable current pulse at 
the anode due to the high overall gain of approximately 107 within a short response 
time [88]. 
PMTs are commonly used photodetectors in TRPL and have a much larger detection 
area compared to SPADs (diameter several mm), simplifying the optical alignment 
and focussing. However, they have a lower QE than SPADs due to photoelectrons 
being emitted in all directions which can fall back into the photocathode [84]. 
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Afterpulsing is also an inherent problem in PMTs because of the ionisation of residual 
gas molecules by the electron cloud in the dynode system [88]. Furthermore, the 
photocathodes in PMTs are more susceptible to damage by excessive light input due 
to the electron amplification from dynodes, when compared to photodiodes. 
Hybrid PMTs combine the advantages of PMTs and SPADs into a single unit. Figure 
3.7 shows the basic schematic of a hybrid PMT, where the photoelectrons emitted by 
the photocathode are accelerated by an electric field and then injected into an APD. 
When the accelerated photoelectron strikes the APD, a large number of electron-hole 
pairs are generated, which are then amplified by the gain of the APD [89]. 
 
Figure 3.7 Schematic and operating principles of a Hybrid PMT [89] 
Similar to SPADs, Hybrid PMTs generally have a shorter transit time spread (<50ps) 
than conventional PMTs (<180ps). They also have higher counting efficiencies than 
conventional PMTs, in which electrons may get absorbed or reflected instead of being 
multiplied or the photoelectrons being lost on the first dynode. Hybrid PMTs do not 
have these losses because the photoelectrons are accelerated with an energy of 8keV 
straight towards the avalanche photodiode as shown in Figure 3.7 [89]. Furthermore, 
there is no afterpulsing in Hybrid PMTs, which is an inherent problem in conventional 
PMTs and SPADs. In short, hybrid PMTs combine the higher QEs of SPADs and the 
larger detection area of conventional PMTs. 
Hybrid PMTs also have some disadvantages in their use: the extremely high cathode 
voltage is difficult to handle as well as the lower gain from the APD compared to 
conventional PMTs (105˂107) [89]. Compact hybrid PMT detector modules from 
companies such as Hamamatsu and Picoquant incorporate a high power supply for the 
cathode voltage, the power supply for the APD and preamplifier to further increase the 
gain. However, the costs of these types of hybrid PMTs are much higher than 
conventional PMTs and SPADs. 
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Single area photodetectors require a monochromator for scanning a wavelength range 
for PL, which can result in long measurement times. A detector array such as a CCD 
array or a photodiode array allows for an instantaneous single PL spectrum to be 
recorded, reducing the measurement time. This is achieved by simultaneously 
detecting the intensity at many spectral points over the whole spectrum. However, 
using a single area detector allows for a higher SNR and spectral resolution compared 
to detector arrays when the detector is amplified [9][90]. 
From the above review of photodetectors, it was concluded that a photodiode with a 
trans-impedance amplifier circuit was the most suitable for PL measurements due to 
its high sensitivity, lower cost and its lower susceptibility to damage by excessive light 
input. The conventional PMT was deemed the most suitable to measure TRPL for both 
the visible and the NIR wavelength range due to its lower cost, largest detection area 
and wider spectral range compared to the other options. 
3.1.5 Time-correlated single photon counting 
electronics 
To be able to conduct TRPL measurements, specialised electronics are required to 
process the detected emission signals from the photodetector. Time-correlated single-
photon counting (TCSPC) is the most commonly used method to measure TRPL of 
thin film solar cells [53] such as CdTe [7][32], CIGS [91][52] and CZTS [92]. It is the 
most sensitive, accurate and simplest to operate when compared to other time-domain 
techniques, such as transient recording, streak cameras and up-conversion methods. A 
detailed description of the operation principles of these alternative methods can be 
found in Lakowicz [70]. 
The inner workings of the TCSPC electronics are reviewed in detail here. As 
previously described in Section 2.2.2, the TCSPC electronics work similarly to an 
electronic stopwatch. Modern TCSPC electronics are packaged in a single compact 
PCI or PCIe board inserted directly into a computer. 
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Figure 3.8 Schematic of TCSPC electronic board principles [5] 
Figure 3.8 shows a basic schematic of a TCSPC board. The START signal is first 
passed through a constant fraction discriminator (CFD). The CFD sends the measured 
arrival time of the pulse to a time-amplitude converter (TAC) and can also be used to 
set a discriminator threshold to supress dynode noise from the PMT. The signal 
generates a voltage ramp in the TAC which increases linearly with time. The STOP 
signal is passed through the other CFD to the TAC which stops the voltage ramp. The 
TAC now contains a voltage which is proportional to the time delay ∆𝑡𝑡 between the 
excitation (START) and emission (STOP) signal. The voltage from the TAC is fed to 
an Analogue to Digital Converter (ADC) which coverts it to a digital time value used 
to address the histogrammer. The histogrammer increments each histogram memory 
cell it receives from the ADC. A full histogram of the measured time delay is formed 
by repeating this process multiple times with a pulsed-light source [5]. 
TCSPC experiments can work in either two modes: the forward or the reverse START-
STOP mode. The preceding description is the forward START-STOP mode where the 
excitation source starts the TAC and a photon from the sample emission stops it. The 
reverse START-STOP mode is the opposite, wherein the sample emission starts the 
TAC and the excitation source stops the TAC. The reverse START-STOP procedure 
is commonly used because of the high repetition rate of modern lasers. This is because 
in the forward START-STOP mode, the TAC will be constantly reset if the START 
signals arrive too quickly. The detected sample emission from photoluminescence is 
an event that statistically occurs much less frequently than the excitation pulses. 
Therefore during the reverse START-STOP procedure, the emission pulse starts the 
TAC and the subsequent laser pulse stops the TAC [5]. 
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The TCSPC method is the most commonly used technique used to measure TRPL for 
thin film solar cells with sufficient time resolution and sensitivity. Furthermore, the 
setup and operation of TCSPC is simpler than other TRPL measurement methods, and 
so is used for the combined measurement system here. 
3.1.6 Oscilloscopes 
In addition to a pulsed light source, TPCD measurements on thin film solar cells 
require an oscilloscope with suitable bandwidth (GHz) to measure the transport time, 
which can be in the ns range. The majority of published work on TPCD measurements 
use digital storage oscilloscopes (DSO) [8][63], because of their ability to switch 
between two different input impedances 50Ω and 1MΩ to switch between TPCD and 
transient photovoltage (TPVD) measurements, respectively. Furthermore, DSOs can 
be fully automated via software and the measured data can be easily transferred to a 
computer for further data analysis when compared to older analogue oscilloscopes. 
However, sampling oscilloscopes have superior bandwidths compared to DSOs. The 
very high bandwidth (GHz range) on sampling oscilloscopes is realised by exploiting 
the repetition of a signal. Instead of recording the signal in real-time, samples of the 
instantaneous voltage of the input signal from successive cycles are recorded. These 
samples are then assembled together to form the entire waveform. This can only be 
achieved if the signal is repeated from cycle to cycle for as long as it takes to build up 
the displayed waveform. Thus, sampling oscilloscopes can only measure periodic 
waveforms. Another drawback is that they can only measure input signals of a few 
volts peak to peak, which results from the omission of input attenuators or amplifiers 
that could distort the signal. The main requirement for using a sampling oscilloscope 
is a circuit capable of accurately sampling the input waveform without distortions even 
at high frequencies [93].  
Figure 3.9 shows the sampling process of a sampling oscilloscope. A signal is applied 
to the sampling channel and to its trigger circuitry. The negative edge of the waveform 
at the trigger circuitry causes a triggering and the first sample of the signal voltage is 
taken at that instant. The next signal cycle, the trigger pulse occurs at the same point 
in the waveform, but the circuitry in the sampling oscilloscope delays the recording by 
a time interval ∆𝑡𝑡. This subsequent sampling procedure eventually builds up the 
complete waveform on the oscilloscope display [93]. 
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Therefore, a sampling oscilloscope was used to conduct TPCD measurements due to 
its superior bandwidth (11GHz) compared to the DSOs (200MHz) at CREST, which 
will be described in more detail in Section 3.2.4. 
 
Figure 3.9 The sampling process of sampling osciilosocpes [93] 
3.2 Measurement system hardware  
The design of the combined measurement system was based on the review and system 
requirements previously provided in Section 3.1. A subsystem design approach was 
used to reduce the complexity of the whole system. The overall combined 
measurement system was separated into the following subsystems: 
1. Excitation and emission collection system 
2. Emission detection system 
3. Sample holder system 
4. Electrical detection system 
5. Enclosure and safety system 
6. Control and data acquisition system  
Figure 3.10 shows the overall combined measurement system schematic with the 
subsystems and how they are linked to each other. The following subsections describe 
the function and components of each subsystem in more detail. 
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Figure 3.10 Overall combined measurement system schematic divided into 
subsystems 
Figure 3.11 shows the overall schematic of the combined measurement system with 
the specific components which are discussed in the following sections. It is shown how 
these components are linked together to form the complete combined measurement 
system. 
 
Figure 3.11 Overall combined measurement system schematic [94] 
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3.2.1 Excitation and emission collection system 
The excitation system is used to direct the laser light onto the sample to induce 
electrical decay for TPCD measurements and luminescence from radiative 
recombination. The collection system directs the resulting emission to the 
photodetectors for optical PL and TRPL measurements. The main components of this 
subsystem are: 
• Laser head 
• Laser driver 
• Optics 
• Monochromator 
The Picoquant pulsed picosecond diode laser head (LDH-P-C-640B) has a wavelength 
of 640nm. The maximum output power is ~12mW and the minimum pulse width of 
the laser is ~92 ps. The laser head is thermoelectrically cooled via a Peltier cooler and 
has an LED to indicate the temperature status as shown in Figure 3.12. It contains 
collimating optics which produce a collimated and linearly polarised output beam with 
dimensions of 1.5mm × 3.5mm. 
 
Figure 3.12 The Picoquant laser head attached to the optical system 
The laser head is controlled by a Picoquant laser driver (PDL 800-B) as shown in 
Figure 3.13. The laser driver controls the intensity and repetition rate (2.5-40MHz) of 
the laser head. The laser driver can be triggered by an external source and can also 
trigger other devices with a synchronisation signal for time correlated measurements 
such as the oscilloscope and TCSPC electronics which will be described in more detail 
in Sections 3.2.4 and 3.2.6, respectively. The output synchronisation (sync) signal is a 
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NIM standard signal (-800mV at 50 ohm). The laser driver also has a key switch and 
safety interlock connector which is wired to the safety switches, discussed further in 
Section 3.2.5. 
 
Figure 3.13 The Picoquant PDL-800B laser driver 
The complete optical system is split into two main parts, the optics leading up to the 
monochromator input (input optics) and the optics from the output of the 
monochromator (output optics). The output optics are described in further detail in 
Section 3.2.2. The rigid optical system eliminates time-consuming manual alignment 
before actual measurements and enhances the repeatability of measurements 
undertaken with the system. 
Figure 3.14 (a) shows the input optics leading up to the input slit of the 
monochromator.  As visible from Figure 3.14 (b), the output beam from the laser head 
is reflected by a mirror into a 650nm dichroic mirror. The dichroic mirror reflects 
wavelengths below 650nm by 90° and transmits longer wavelengths straight through. 
The reflected laser beam is directed onto another mirror angled at 45° to the 10× 
Olympus objective lens (RMS10X-PF) which focusses the laser onto the sample. The 
resulting luminescence from the sample is collected and collimated by the same 
objective lens. Luminescence is directed back to the 650nm dichroic mirror, where, 
being of longer wavelengths, it is transmitted straight through. It passes to a set of 
customisable filter holders and a plano-convex lens which focusses the light onto the 
input slit of the monochromator for wavelength scanning and selection. A 650nm long-
pass filter is used to block any remaining laser light, but can be removed when, for 
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example, measuring the instrument response function of the PMTs as detailed in 
Section 4.3.2.  
  
Figure 3.14 (a)  Side view and (b) top down view of the input optics  
The monochromator is a Newport Cornerstone 130 (CS130) as shown in Figure 3.15. 
At the input and output ports are fixed 600μm wide slits. A fixed slit width improves 
repeatability and reduces cost compared to adjustable slit widths. 
  
Figure 3.15 CS130 monochromator on mounting plate with 30mm optical system 
connected to the flange at the output port 
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Figure 3.16 shows the monochromator internal optical design which is an out-of-plane 
version of the Ebert-Fastie configuration. The monochromator contains a single 
diffraction grating which is used to disperse the light (i.e. spatially separate light of 
different wavelengths). The monochromator input and output ports are in line with 
each other. There is an integrated controllable mechanical shutter at the input port 
which is used to close the light path when needed. 
 
Figure 3.16 The (a) front and (b) rear of the out-of-plane Ebert-Fastie optical 
setup inside the monochromator 
3.2.2 Emission detection system 
The emission detection system is used to scan or select the wavelength of the sample 
emission and to direct it to the photodiode or PMT detectors for optical PL and TRPL 
measurements, respectively. The main components of this subsystem are: 
• Optical guide elements 
• Optical output switch 
• An amplified photodiode 
• Two PMTs (of different wavelength ranges) 
Figure 3.17 (a) shows that the light exiting the monochromator output slit is first 
collected and collimated by a plano-convex lens. Thorlabs lens tubes are used with the 
output optics to keep the optics light tight as shown in Figure 3.17 (b). 
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Figure 3.17 Lens tube with rotable slip shield (a) opened and (b) closed 
To direct the luminescence to each photodetector, an optical output selecting switch is 
used. This consists of a prism mirror (PS911), which is mounted onto a Nanotec 
stepper motor (ST4209M1704-B) and housed inside a 60mm cage cube. The motor 
has a step resolution of 0.9°/step. Figure 3.18 (a) shows how the prism mirror is 
mounted on the shaft of the motor via a mirror mount and a custom-built adapter plate. 
The stepper motor is operated with closed-loop position control via an encoder 
(WEDS5541-B14) to ensure the exact position of the mirror is known at all times. The 
stepper motor with encoder is controlled by a Nanotec SMCI33-1 controller. Figure 
3.18 (b) shows the stepper motor mounted onto the 60mm cage cube via a custom 
made adapter plate. The entire optical output selecting switch uses three different 
positions at angles -90°, 0° and 90° with a photodetector at each position. 
 
Figure 3.18 (a) Prism mirror mounting and (b) motor mounted on the optics 
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Figure 3.19 shows the complete output optics with three photodetectors connected to 
the 60mm cage cube. At the 0° position, the sample luminescence is reflected upwards 
to the photodiode for spectrally-resolved PL measurements. At the -90° and 90° 
positions, the luminescence is reflected towards a Picoquant PMT and Hamamatsu 
PMT, respectively for TRPL measurements. All three photodetectors are described in 
further detail below. 
 
Figure 3.19 Output optics with all three photodetectors connected to the 60mm 
cage cube 
A Hamamatsu InGaAs photodiode (G10899-01K) is used for spectrally-resolved PL 
measurements. This photodiode was chosen because it has an extended spectral range 
of 500-1700nm and hence allows for a full range wavelength scan without having to 
switch between sensors. The photodiode active detection area diameter is 1mm. A 
trans-impedance amplifier circuit was custom-made in-house to amplify the low PL 
signal by a factor of 1×109. This amplifier design had previously been used in CREST 
for photodiodes of spectrally-resolved electroluminescence measurements [95]. A 
plano-convex lens housed in a slotted lens tube is used to focus the light onto the 
photodiode detection area. 
Two PMTs were used for TRPL measurements to cover a wavelength range from 
650nm to 1700nm. The first PMT, (the Picoquant PMA-192 PMT) has a wavelength 
range of 230-920nm and a detection area diameter of 8mm. This PMT was selected 
due to the wide spectral range and large detection area. Furthermore, it also has a high 
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voltage power supply and a pre-amplifier integrated into a single compact module, 
which simplified the setup and operation. The PMT signal output is via a 50 Ohm 
SMA connector, which connects to the TCSPC card (further details in Section 3.2.6). 
The PMA-192 is thermoelectrically cooled to reduce dark signal noise. The PMA-192 
also incorporates a safety shutter at the input of the detector, which is connected to the 
safety interlock (see Section 3.2.5). As for the photodiode, a plano-convex lens within 
a slotted lens tube is used to focus the light onto the detection area. 
The second PMT is a Hamamatsu unit consisting of a detector (H10330C-75) and an 
external controller (C10332B). The Hamamatsu PMT was selected because of the wide 
NIR wavelength range of 950nm to 1700nm. Furthermore, it is thermoelectrically 
cooled which eliminated the need for liquid nitrogen cooling. The detector unit 
contains an optical input window with an effective diameter of 18mm. This input 
window also contains a built-in lens which focusses light onto the PMT photocathode. 
Figure 3.20 (a) shows the PMT external controller which supplies power and a high 
voltage to the detector. The voltage can be adjusted by a control knob which in turn 
adjusts the gain of the PMT. 
The output of the Hamamatsu PMT detector is connected to the TCSPC card via two 
SMA cables. Figure 3.20 (b) shows the pre-amplifier module (PAM 102) connected 
between the Hamamatsu PMT output and TCSPC input. This pre-amplifier allows the 
PMT to operate at a lower bias voltage value and reduces the possibility of the PMT 
discharging and damaging the TCSPC card. Furthermore, the PAM 102 also contains 
a built-in current overload protection for the PMT, which is connected to the 
mechanical shutter (see Section 3.2.5).  
 
Figure 3.20 (a) The Hamamatsu PMT controller and (b) Picoqaunt pre-amplifer 
which amplifies the PMT signal 
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3.2.3 Sample holder system 
The main task of the sample holder system is to hold the sample in place and at the 
correct working distance to the objective lens. It also holds the probes to contact the 
sample for electrical measurements, which are described in more detail in Section 
3.2.4. The main components of this system are: 
• A lab jack 
• A sample holder  
Figure 3.21 (a) shows a sample placed on the lab jack for purely optical measurements, 
for which the height can be adjusted so the sample is within the optimal working 
distance of the objective lens. An additional sample holder is needed for superstrate 
samples to hold the probes to contact the sample for electrical measurement at the back 
(unilluminated side) as shown in Figure 3.21 (b). The sample holder is not required 
when contacting substrate samples since contact is made on the illuminated side of the 
sample. 
 
Figure 3.21 (a) Sample on the lab jack for purely optical masurements and (b) 
lab jack with the superstrate sample holder placed on top 
3.2.4 Electrical detection system 
The electrical detection system is used to contact the sample and measure the resulting 
transient current decay from the pulsed excitation of the sample. This subsystem 
consists of the following components: 
• A sampling oscilloscope 
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• Probes 
An iCHaus iC227 11GHz bandwidth sequential sampling oscilloscope is used to 
conduct the TPCD measurements. Figure 3.22 (a) shows that the oscilloscope has two 
triggers and two sampling channels, which all have 50Ω impedance and are DC 
coupled. The control of the oscilloscope is managed via a graphical PC software 
interface. As discussed earlier in Section 3.1.6, the sampling oscilloscope measures 
repetitive signals and has a minimum input frequency of 10kHz.  
Figure 3.22 (b) shows the sample contacted by probes which are connected to sampling 
channel 1 of the oscilloscope. The laser driver output signal is connected to the 
oscilloscope trigger channel. Another SMA cable sends the trigger signal to sampling 
channel 2 and is used as the external trigger for TPCD measurements. The probes are 
MI-Type high frequency probes with a single tip and impedance of 50Ω. 
 
Figure 3.22 (a) iCHaus iC227 sampling oscilloscope (b) probes contacting a 
sample 
3.2.5 Enclosure and safety system  
The enclosure and safety system house the majority of the components described 
above, ensures light tightness and provides safety interlocks for the excitation laser 
and light sensitive PMTs. The main components of this subsystem are: 
• A system enclosure 
• Two safety interlocks 
• Two safety shutters 
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The overall optical system in Sections 3.2.1 and 3.2.2 is mounted on a Thorlabs 
breadboard (MB1836) which is mounted on top of a larger main Newport breadboard 
via five steel posts as shown in Figure 3.23. The posts increase the rigidity of the 
connected Thorlabs breadboard and reduce the vibration to the mounted optics and 
components. The resulting space between the two breadboards allows for the height 
and adjustment of the lab jack and sample holder as described in Section 3.2.3. 
 
Figure 3.23 Dual breadboard setup 
Once the entire optical system was designed and its dimensions finalised, a system 
enclosure to house the optics and components was designed using a CAD based 
software Solid Edge. The overall dimensions of the enclosure are 129cm × 60cm × 
80cm. The enclosure is constructed of black anodised aluminium frames and black 
panels to minimise internal light reflection as shown in Figure 3.24. The enclosure is 
fixed to the main breadboard for stability. The main front door allows access to the 
sample stage and input optics, while the smaller side door allows access to the output 
optics and photodetectors. 
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 Figure 3.24 Overall system enclosure 
 
Figure 3.25 (a) Enclosure rear, (b) interlock attached at the main front door and 
(c) external mechanical shutter for the Hamamatsu PMT 
Figure 3.25 (a) shows the rear of the enclosure which consists of two 120mm diameter 
axial flow fans to allow airflow for the PMTs in the enclosure during operation. Both 
fans have a lid cover mounted on top to both allow airflow and prevent light from 
entering the enclosure. There is also one ventilation hole on each side of the enclosure 
with covers on top to prevent light entering or exiting the enclosure (see Figure 3.24). 
An IEC panel mount at the rear supplies power to the fans and other components such 
as the stepper motor controller. The enclosure rear also has two opening points for 
wires to the equipment inside the enclosure. The openings are covered by strip brushes 
to prevent light entry/exit.  
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Since the Picoquant diode laser is a Class 3B laser, it is connected to safety interlocks 
at both the main and side doors to prevent potential harmful exposure to the user when 
either door is opened (see Figure 3.25 (b)). There are also two electronically controlled 
mechanical shutters which are connected to the interlocks. The purpose of these 
shutters is to prevent room light from entering the PMTs when either of the doors are 
open. The Picoquant PMT has a built-in shutter while a Melles Griot solenoid shutter 
was used externally for the Hamamatsu PMT as shown in Figure 3.25 (c). If either of 
the two enclosure doors are opened, the shutters close which prevents room light from 
entering and potentially destroying the PMTs. Furthermore, a custom MOSFET relay 
circuit allows the user to remotely open and close the mechanical shutters using a 
LabVIEW software, which is further described in Section 3.3.4. 
3.2.6 Control and data acquisition system 
The control and data acquisition system is used to control components from the various 
hardware subsystems and to acquire measurement data. The main components of this 
subsystem are: 
• A computer 
• A TCSPC card 
• A National Instruments Data Acquisition (NI DAQ) card  
A Picoquant TimeHarp 260 PICO PCIe TCSPC card is used to control the two PMTs 
and acquire the data for TRPL measurements. The TimeHarp 260 PICO has a time 
resolution of 25ps and operates in the forward start-stop mode as previously described 
in Section 3.1.5. It has an input START channel for the electrical sync signal directly 
from the laser driver and an input STOP channel for the PMTs. The input channels use 
SMA connectors and have a 50Ω termination. A Picoquant SMA power splitter (PSM 
51) is used to supply the laser driver sync signal to both the oscilloscope trigger 
channel and the TCSPC sync channel simultaneously, as shown in Figure 3.26.  
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Figure 3.26 Picoquant power splitter used to simultaneously supply the sync out 
signal from the laser driver to the TCSPC card and oscilloscope  
The NI DAQ card (PCIe-6321) is a multifunction control and data acquisition PCIe 
card used to acquire the data from the photodiode for PL measurements. The 
photodiode was connected to an analogue input (AI) channel where the emission 
detected by the photodiode is digitised. It is also used to control the mechanical 
shutters as detailed in Section 3.2.5. The digital output (DO) lines are used to control 
the shutters via electromechanical relay switches. 
3.3 Combined measurement system software 
overview 
The software is the main control interface between the user and hardware. There are 
several components which are controlled using either the manufacturer software or 
custom programmed LabVIEW software. The following subsections describe the 
software for each component in more detail. 
3.3.1 Monochromator control  
The monochromator was programmed in LabVIEW for wavelength scanning of PL 
spectra and wavelength selection for TRPL measurements. Figure 3.27 (a) shows the 
user interface (UI) of the program. For PL measurements, the program is able to: i) 
select a wavelength range for scanning, ii) set the wavelength interval of the scan, iii) 
set the time interval between each wavelength, iv) set the sampling rate and number of 
samples for the photodiode connected to the NI DAQ card, v) set the number of 
wavelength scans to average, vi) save each individual measurement scan to an external 
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text file and vii) plot the final averaged PL spectrum as a graph (see Figure 3.27 (b)) 
which can then be exported. The program can also open and close the monochromator 
shutter for background signal subtraction and select a single specific wavelength for 
TRPL measurements. 
 
Figure 3.27 (a) Monochromator program UI with a number of adjustable settings 
and the (b) resulting plot of the final averaged PL spectrum after 
the measurement is complete 
3.3.2 TCSPC control 
The Timeharp 260 TCSPC card has its own manufacturer software by Picoquant. 
Figure 3.28 (a) shows the UI of the default software which provides a control interface 
and a histogram display of the resulting TRPL decay curve. The software can provide 
a live update of the detected emission counts of the connected PMT, which is useful 
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for checking the signal strength. TRPL measurement parameters such as the time 
resolution and integration time can be adjusted. 
The Picoquant software can only take single measurements. Hence, a custom software 
was programmed in LabVIEW to be able to perform multiple measurements and plot 
and export the final averaged TRPL decay curve. Figure 3.28 (b) shows the UI of the 
LabVIEW program where it has the same functions as the default software. 
 
Figure 3.28 (a) TimeHarp 260 default software UI and (b) LabVIEW software 
UI 
3.3.3 Oscilloscope control 
The iC227 oscilloscope also has its own manufacturer software which functions 
similarly to a regular oscilloscope. Figure 3.29 shows the UI of the default software 
which provides a control interface and a display of the input signal. It has adjustable 
measurement parameters such as selecting the trigger and sampling channel (1 or 2), 
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adjusting trigger level (-1048 to 1048 mV), edge triggers (rising and falling), as well 
as the volts/division and time/division.  
 
Figure 3.29 Default oscilloscope software UI 
Here, the manufacturer software is only used to check the input signal level before 
conducting actual measurements. It is unsuitable for TPCD measurements since it only 
takes screenshots of the input waveform and is not able to export the actual data values. 
Therefore, a further custom software was programmed in LabVIEW for conducting 
TPCD measurements. Figure 3.30 (a) shows the UI of the oscilloscope custom 
software, which allows the user to: i) adjust the sampling rate/length, ii) set the number 
of averaged measurements, iii) save each individual measurement to an external text 
file and plot the final averaged TPCD curve as a graph (see Figure 3.30 (b)) which can 
then be exported. 
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Figure 3.30 (a) Oscilloscope LabVIEW software user interface and the (b) 
resulting plot of the final averaged TPCD curve after 
measurement has finished 
3.3.4 Stepper motor and shutter control 
A modified LabVIEW software is used to control the Nanotec stepper motor rotation. 
It was previously used to control the stepper motors in the PASAN solar simulator 
based at CREST and here has been modified to control the monochromator shutter. 
Figure 3.31 (a) shows the UI of the stepper motor LabVIEW software. The software 
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allows the user to set the angle of rotation, as well as displaying the current angle 
position of the stepper motor and the current status of the monochromator shutter. 
Before the stepper motor rotates and after the stepper motor has moved to the angle 
set by the user, an option is given to open/close the shutter. This is to allow the user to 
protect the PMTs from accidental over illumination.  
The mechanical shutters for the PMTs are also controlled using LabVIEW. Figure 3.31 
(b) shows the user interface of the software. The buttons control two of the NI DAQ 
card digital output lines which supply a 5V digital logic signal to the MOSFETs to 
open/close the shutters via electromechanical relay switches. This provides further 
protection to the PMTs from over illumination. 
 
Figure 3.31 (a) Stepper motor LabVIEW software UI and (b) mechanical shutter 
control 
3.4 Chapter conclusions 
A measurement system combining PL/TRPL/TPCD has been designed and 
successfully realised, using a modular subsystem approach to manage the complexity 
of designing the overall system. A thorough description of each subsystem and the 
completed combined measurement system has been provided. Selection of the main 
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components is based on the system requirements and their suitability for all three 
characterisation techniques, which is built on a foundation of an in-depth review of the 
hardware components used in typical PL, TRPL and TPCD measurement setups, in 
which the advantages and drawbacks for each component were assessed.  
The combined measurement system is capable of characterising most of the 
recombination and transport mechanisms of solar cells using individual 
PL/TRPL/TPCD measurements, as previously described in Section 2.1. Furthermore, 
the combined measurement approach mitigates the disadvantages of each 
characterisation technique, which were discussed in Section 2.2, and allows for 
maximum device/material characteristic details to be extracted. The photodiode and 
two PMTs allow for PL/TRPL measurements of a wide range of thin film PV devices 
and materials, including superstrate CdTe, substrate CIGS and CZTS. As a result, this 
system has proven especially useful for CREST’s PV materials group [96] and will 
continue to be useful for material and device characterisation for new generations of 
thin-film PV technologies. 
For the main aim of this thesis, the system has successfully combined PL, TRPL and 
TPCD measured with a single excitation source to extract the localised carrier 
collection efficiency of solar cells. While this chapter detailed the design and 
integration of the measurement system, Chapter 4 will examine the performance and 
operation of the measurement system. 
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4 Testing and analysis of the 
combined measurement system 
Following the successful completion of the combined measurement system, the 
capabilities of spectrally-resolved photoluminescence (PL), time-resolved 
photoluminescence (TRPL) and transient photocurrent decay (TPCD) were 
individually tested. As a result, the measurement system’s full potential for 
characterising the device/material properties for a range of thin film solar cells could 
be realised. 
Section 4.1 first describes the fabrication process of the thin film samples to be 
characterised by the combined measurement system. Each characterisation technique 
has its own section from Sections 4.2 to 4.4 with each section first establishing a robust 
measurement and data acquisition procedure to acquire essential device/material 
information of thin film solar cells. Measurement data is then analysed to further 
understand the information and its significance from each technique. The same thin 
film samples are then characterised by PL/TRPL/TPCD at other research labs in a 
inter-laboratory comparison study. These comparison measurements allow for the 
validation of the results from the combined measurement system. Additional insight is 
gained into the effects of using different measurement systems for the same 
characterisation techniques. 
4.1 Measured samples fabrication process 
This section describes the solar cell sample devices used for characterisation and 
testing to establish a measurement and data acquisition procedure for PL, TRPL and 
TPCD. The combined measurement system covers the spectral range from 650nm to 
1570nm, in electron volts (eV) equivalent to ~1.91eV to ~0.8eV. The samples were 
chosen based on their material bandgap and expected carrier lifetimes. As discussed 
previously in Section 2.2.2, indirect bandgap semiconductors such as crystalline Si are 
unsuitable to be measured by TRPL due to their lower radiative recombination rate, 
and so only direct bandgap thin film samples are considered here. For TRPL 
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measurements, a cadmium telluride (CdS/CdTe) PV device was chosen to test the 
Picoquant photomultplier tube (PMT) as typical bandgaps for CdTe devices are ~1.45-
1.51eV (~855nm-820nm). A copper indium gallium selenide (CIGS) sample with a 
typical bandgap between 1-1.7eV (~729-1240nm) [53] was chosen to test the 
Hamamatsu PMT. 
The thin film samples were fabricated by members of the PV materials group at 
CREST. The CdS/CdTe PV device was in the superstrate configuration and was 
fabricated by first depositing CdS on 50×50mm substrates using a sono-chemical bath, 
which resulted in approximately ~200nm thick films. CdTe was then deposited by 
close-space sublimation (CSS) over a period of three minutes, resulting in 4-6μm thick 
films. Cadmium Chloride (CdCl2) annealing treatment was then carried out using 
thermal evaporation where a quartz crucible filled with CdCl2 was thermally 
evaporated until the crucible was empty. The sample was then annealed on a hot plate 
and finished by depositing ~80nm of gold via thermal evaporation to act as the back 
contact. Cells with an area of 30mm2 were separated by manual scribing. Further 
details on the CdS/CdTe device fabrication can be found in [97]. Figure 4.1 (a) and (b) 
shows the front and rear of the finished CdS/CdTe PV device, respectively. The front 
is where the laser excitation is incident on the sample. In addition, an untreated CdTe 
sample was fabricated by depositing a CdTe absorber layer via CSS on fluorine doped 
tin oxide (FTO) glass with no CdS or CdCl2 treatment. 
The solution-processed CIGS sample was in the substrate configuration. The solution 
was spray-coated in air onto  Mo/MoNx/Mo-coated soda lime glass, which acts as a 
back contact followed by selenisation. The CIGS p-type absorber layer thickness was 
~3μm with a targeted composition of Cu0.9In0.7Ga0.3Se2. The CIGS PV device was 
completed by depositing a CdS n-type buffer layer (~80nm) using a chemical bath, 
followed by RF sputtering of intrinsic ZnO and Al  doped ZnO (AZO) with thicknesses 
of ~80nm and ~500nm, respectively. Finally, a top contact silver grid was evaporated 
and cells with an area of 25mm2 were separated by mechanical scribing. Further details 
on the CIGS device fabrication can be found in [98]–[100]. Figure 4.1 (c) shows the 
front of the finished CIGS PV device where the laser excitation is incident on the 
sample. For the PL/TRPL/TPCD measurements in this chapter, a single cell is 
measured on each sample. 
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Figure 4.1 Photos of the (a) front and (b) rear of CdS/CdTe sample, and (c) the 
CIGS sample 
4.2 Spectrally-resolved photoluminescence  
The following subsections in Section 4.2 first characterise the photodiode used for 
detecting the PL signal. The measurement procedure for PL is then described and the 
resulting PL spectra are analysed. Finally, external quantum efficiency (EQE) 
measurements performed at CREST and PL measurements conducted at other research 
labs are used to validate the measured PL spectra from the combined measurement 
system. 
4.2.1 Photodiode stability for PL measurements 
Since the photodiode is not temperature controlled, its dark signal is strongly affected 
by changes in ambient and diode temperature. Furthermore, the lab room temperature 
is not efficiently air conditioned which means that slight fluctuations in the ambient 
temperature can occur. Therefore, stability measurements have been carried out to 
observe the amount of fluctuations in the signal due to the ambient temperature and 
due to the initial warm-up phase after powering up the amplifier. From this, the optimal 
frequency of dark measurements for background subtraction in PL measurements and 
the required warm-up time can be determined. 
The dark signal of the photodiode was recorded on two different days with strongly 
varying average room temperatures of 24°C and 30°C (see Figure 4.2). The dark signal 
was measured once every 30s over a period of four hours and the ambient temperature 
was monitored every 30 minutes with a wall-mounted room thermometer. Both curves 
show a general trend where the dark signal steadily increases from the initial switch 
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on and reaches a more stable state after approximately two hours. It was observed that 
the dark signal increased by a factor of ~1.8 when the average ambient temperature 
increased from 24°C to 30°C. This is as expected as  the dark current of a photodiode 
approximately doubles for every 10°C increase in temperature [101]. 
 
Figure 4.2 Measurement of the photodiode stability on two days with different 
ambient temperatures 
The photodiode stability measurements showed that roughly two hours warm-up time 
is required for the photodiode to reach a slightly more stabilised state after being 
powered on. It is also necessary to record a background measurement (i.e. no light) 
before each measured PL spectrum for the subsequent background correction, which 
will be demonstrated in Section 4.2.2. 
4.2.2 PL spectrum measurement methodology 
To measure a PL spectrum, the sample is first placed on the lab jack underneath the 
objective lens used for laser excitation. The height of the lab jack is then adjusted to 
position the sample at the correct working distance to the objective lens. This is 
achieved by setting the monochromator output wavelength to the expected bandgap of 
the sample and measuring the intensity of the PL signal using the photodiode. The 
optimum height for the collection of PL emission is found at the point of maximum 
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measured PL intensity. Once the optimal height is found, no further adjustments need 
to be made for subsequent samples of the same superstrate or substrate configuration, 
which allows for more comparable results between different samples of the same 
configuration. 
The scanning wavelength range, resolution and number of scans to be averaged is then 
specified in the software. The monochromator scanning wavelength range is 700nm to 
1000nm for the CdS/CdTe sample and 900nm to 1200nm for the CIGS sample with a 
1nm resolution, where the PL signal intensity is recorded at each wavelength. To 
improve the signal-to-noise ratio (SNR) of PL spectrum measurements, the laser 
frequency and average power are adjusted. A laser frequency of 2.5MHz and average 
power of ~0.4mW were used to measure the CdS/CdTe superstrate sample. For the 
CIGS substrate sample, a higher frequency of 40MHz and an average power of 
~8.4mW were required to obtain a detectable PL signal. 
The background signal is measured before the actual PL measurement with the 
monochromator shutter closed, so that no light is incident on the photodiode. The dark 
signal is subtracted from the measured raw PL spectrum, as shown in Figure 4.3. After 
the background subtraction, the baseline of the PL spectrum is at the zero axis. This 
allows for more comparable results between different samples measured at different 
times and makes it easier to distinguish between noise and actual PL emission for 
samples with lower PL emission signals. 
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Figure 4.3 The PL spectrum of a CdS/CdTe sample with and without the 
background/ dark signal correction 
Quantitative analysis is then performed to more accurately extract the bandgap values 
by using either a single or multiple peak Bi-Gaussian fitting, depending on the PL 
spectrum’s profile. The following equation shows the Bi-Gaussian model applied 
during the fitting [102]: 
𝑦𝑦 = 𝑦𝑦0 + 𝑆𝑆𝑒𝑒−0.5�𝑥𝑥−𝑥𝑥𝑐𝑐𝑤𝑤1 �2(𝑑𝑑 < 𝑑𝑑𝑐𝑐) 
𝑦𝑦 = 𝑦𝑦0 + 𝑆𝑆𝑒𝑒−0.5�𝑥𝑥−𝑥𝑥𝑐𝑐𝑤𝑤2 �2(𝑑𝑑 ≥ 𝑑𝑑𝑐𝑐) (4.1) 
where 𝑦𝑦0 is the base offset,  𝑆𝑆 is the peak height, 𝑑𝑑𝑐𝑐 is the peak centre, and 𝑤𝑤1 and 𝑤𝑤2 
are the widths on the left and right of the peak, respectively. 
4.2.3 PL measurement results and analysis 
Figure 4.4 shows the normalised background-corrected PL spectrum of the CdS/CdTe 
PV device. There are two main emission peaks in the PL spectrum where the extracted 
bandgap values from the peak fitting are ~1.467eV for the main emission peak, and 
~1.505eV for the lower shoulder peak. These two emission peaks have also been 
observed in previous room temperature PL measurements of CdS/CdTe superstrate 
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samples at National Renewable Energy Laboratory (NREL) [47]. The main ~1.47eV 
emission peak is attributed to the CdSxTe1-x alloy while the ~1.51eV lower shoulder 
peak is attributed to the p-type CdTe layer. The formation of this CdSxTe1-x alloy 
results from the diffusion of sulphur from the CdS n-type layer into the CdTe p-type 
layer during the CdCl2 annealing treatment in air as detailed in [47][103]. The purpose 
of the CdCl2 treatment is to passivate CdTe grain boundaries  and subsequently the 
efficiency of the CdS/CdTe PV device [47][104]. The inter-diffusion also reduces the 
optical losses by reducing the bandgap of CdTe [105], which is reflected in the PL 
spectrum (~1.51eV to ~1.47eV). 
 
Figure 4.4 Normalised PL spectra of the CdS/CdTe and untreated CdTe samples 
with their corresponding Bi-Gaussian fits to extract the 
approximate bandgap values 
As discussed in Section 2.2.1, PL is a contactless technique and can be used to 
characterise semiconductor materials without electrical contacts. A PL spectrum was 
therefore recorded for the untreated CdTe sample. This was to confirm that the 
~1.51eV peak in the PL spectrum of the CdS/CdTe PV device was from CdTe, as CdS 
and CdCl2 were not present in the untreated CdTe sample. Figure 4.4 also shows the 
PL spectrum of the untreated CdTe sample with the Bi-Gaussian peak fit. A single 
emission peak at ~1.508eV is observed, which corresponds to the bandgap of CdTe. 
The observed bandgap is within the range of previously published bandgap values of 
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pure CdTe (~1.49eV-1.53eV) at room-temperature [106][107]. Therefore, the ~1.5eV 
shoulder peak in the CdS/CdTe sample PL spectrum is indeed from the CdTe p-type 
layer. 
Figure 4.5 shows the PL spectrum of the CIGS sample. A single broad emission peak 
is observed and fitted with the Bi-Gaussian model. The extracted bandgap value is 
~1.175eV, which can be attributed to the luminescence emitted by the p-type CIGS 
absorber layer. CIGS has a chemical formula of CuIn(1-x)GaxSe2 [98][108] and has a 
tuneable bandgap, which can be tuned between 1-1.7eV [53]. By alloying CuInSe2 
with either S or Ga, the bandgap will change depending on the material composition 
ratio [98]. When the Ga/(Ga+In) ratio is between 25-30%, the bandgap is normally 
between 1.1 and 1.2eV [109], which is observed in the recorded CIGS PL spectrum. 
 
Figure 4.5 Normalised PL spectrum of the CIGS sample with corresponding Bi-
Gaussian fitting to extract the approximate bandgap value 
To confirm that the measured PL emission was from the CIGS absorber layer, the 
extracted bandgap value from the PL spectrum was substituted into the following 
empirical formula for CIGS absorber layers [110]: 
𝐸𝐸𝑔𝑔 = 1.01(1 − 𝑑𝑑) + 1.65𝑑𝑑 − 0.151𝑑𝑑(1 − 𝑑𝑑) (4.2) 
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Eq.(4.2) was then solved for 𝑑𝑑. A bandgap of ~1.18eV corresponds to 𝑑𝑑 = 0.308, and 
results in an approximate chemical composition of Cu0.9In0.69Ga0.31Se2 using the above 
CIGS chemical formula. This is close to the targeted composition of the CIGS absorber 
layer during the fabrication process as described in Section 4.1, which confirms that 
the recorded PL emission is from the CIGS absorber layer. 
4.2.4 Validation of PL measurements 
To verify the PL measurements of the developed combined measurement system, the 
measurements needed to be validated. This has mainly been achieved by comparing  
PL measurements of the same samples at different laboratories and comparing with 
the bandgap values extracted via EQE measurements. In the following, the equipment 
of the participating labs are briefly detailed. Thereafter, measurement results are 
analysed and compared. This has also highlighted various problems that arise when 
using different PL systems to measure the same sample. Before concluding this 
section, the results are compared with EQE measurements. 
PL measurements were conducted on the same CdS/CdTe, untreated CdTe and CIGS 
samples at two other labs (Lab 1 and Lab 2). In addition, PL and TRPL measurements 
were conducted on the same CdS/CdTe and CIGS samples at two further labs (Lab 3 
and Lab 4). The TRPL comparison measurements will be analysed and discussed in 
Section 4.3.5. 
Lab 1 used a Renishaw system and Lab 2 used a HORIBA LabRAM HR Evolution 
system to measure PL. Both systems used a microscope setup similar to that of this 
work where the laser is focussed by a microscopic objective lens and a monochromator 
is used for wavelength scanning, while Labs 3 and 4 used a charge coupled device 
(CCD) spectrometer to measure PL. Lab 1’s measurement system used a green laser 
of 532nm wavelength while Lab 2’s measurement system used both a green and red 
laser with wavelengths 532nm and 633nm, respectively. Labs 3 and 4 used a laser 
wavelength of 640nm and a frequency of 40MHz and 2.5MHz, respectively. 
Figure 4.6 shows the resulting PL spectra of the CdS/CdTe sample measured at 
CREST, Labs 1 and 2. The PL spectra measured with a green laser are visibly different 
from the PL spectra measured with a red laser. Both 532nm PL spectra show an 
additional broad shoulder peak between ~1.6eV-1.8eV which is not visible in either of 
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the PL spectra measured with a red laser. This broad peak has been observed in 
previous work and is attributed to the CdCl2 annealing treatment to the CdS layer 
[104][111]. This introduces large amounts of Cl atoms which may occupy sulphur and 
cadmium vacancies and introduce the ClS states forming VS-ClS and VCd-ClS 
complexes in the CdS n-type layer [104][112][113]. 
This ~1.7eV shoulder peak is not visible in the PL spectra measured with a red laser, 
because red light is absorbed deeper in the sample, while the green light is absorbed 
closer to the surface of the sample (i.e. the CdS layer). The emission peaks at ~1.47eV 
and ~1.5eV are visible in all the PL spectra to varying degrees. The ~1.5eV CdTe peak 
is more visible in the CREST PL spectrum when compared to the other PL spectra 
which is most likely due to the 640nm laser being absorbed slightly deeper in the 
sample. The ~1.5eV CdTe shoulder peak is also more pronounced in Lab 3’s PL 
spectrum of the CdS/CdTe sample as shown in Figure 4.7 (a) due to the 640nm laser. 
The PL spectrum from Lab 3 is visibly noisier than the CREST PL, which was likely 
due to the lower sensitivity and SNR of the CCD compared to the amplified photodiode 
[9][90]. However, both PL spectra still share the same characteristics, with the two 
main emission peaks from the CdSxTe1-x alloy (~1.47eV) and the CdTe layer 
(~1.51eV) visible. 
 
Figure 4.6 Comparison of CdS/CdTe sample PL spectra between CREST, Labs 
1 and 2 
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Figure 4.7 (b) shows Lab 4’s PL spectrum of the CdS/CdTe sample, which show a 
very broad emission peak from ~1.4eV to ~1.6eV. The CdSxTe1-x alloy and CdTe layer 
peaks are not visible which was likely due to a limited sensitivity of Lab 4’s CCD 
photodetector. The PL signal becomes noisier at around 900 nm (~1.38eV) as the 
maximum detectable wavelength Lab 4’s photodetector was ~900nm. 
 
Figure 4.7 The PL spectra of the CdS/CdTe sample from (a) CREST and Lab 3, 
and (b) Lab 4 
Figure 4.8 shows the resulting PL spectra of the untreated CdTe sample measured at 
all three labs. All measurements display a good overlap with a single emission peak 
between 1.5 and 1.51eV. 
 
Figure 4.8 Comparison of the untreated CdTe sample’s PL spectra between 
CREST, Labs 1 and 2 
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Figure 4.9 shows the resulting PL spectra of the CIGS sample measured at CREST 
and at Labs 2 and 3. Labs 1 and 4 were unable to detect a measurable signal for the 
CIGS sample with their PL measurement systems. All CIGS PL emission spectra show 
a single broad emission peak which is from the CIGS p-type absorber layer. A slight 
shift in Lab 2’s PL spectra (~1.19eV) compared to the CREST PL (~1.18eV) was 
observed. This shift can be attributed to the location of the laser excitation within the 
sample area, as confirmed with a second PL measurement conducted at CREST on the 
same CIGS sample using approximately the same measurement spot as Lab 2. 
However, there is a more significant shift of ~0.07eV in Lab 3’s CIGS PL spectrum 
which may have been either the laser exciting a different part of the sample, or  a 
reduced wavelength response at >900nm due to wavelength dependent attenuation of 
the PL emission after passing through all the optical elements and the QE of the CCD 
[9]. 
 
Figure 4.9 Comparison of the CIGS sample PL spectra to Labs 2 and 3; the 
difference between 1st and 2nd CREST measurement is location 
of the excitation spot 
EQE measurements from the CdS/CdTe and CIGS samples are used to extract and 
compare the bandgap values with those gained from PL measurements. EQE 
characterisation is used to investigate a solar cell’s photon to current conversion 
efficiency over a range of wavelengths and is the ratio of the number of collected 
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charge carriers to the number of incident photons on the PV device [114]. It should be 
noted that the untreated CdTe sample cannot be measured as the sample requires 
electrical contacts for EQE measurements. 
A Bentham PVE300 photovoltaic QE system was used for EQE measurements. Figure 
4.10 (a) and (b) show the resulting EQE curves. Both EQE curves are significantly 
lower (<60%) at wavelengths below 500nm which is from absorption losses in the CdS 
and transparent conducting oxide (TCO) layers. This is because the CdS layer is a 
strong absorber of light with energy above its bandgap of ~2.4eV (<517nm), and the 
absorbed light is wasted as the carriers generated in the CdS layer recombine before 
they can be collected [115]. The decrease in the EQE at longer wavelengths is mostly 
caused by recombination losses where the photons penetrate too deeply for complete 
collection [115]. 
 
Figure 4.10 EQE curves of the (a) CdS/CdTe and (b) CIGS sample with the 
estimated bandgap extracted from the EQE by linear regression 
fitting for the (c) CdS/CdTe sample and (d) CIGS sample 
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The bandgap value for the CdS/CdTe and CIGS samples are extracted from the EQE 
curves by plotting [𝐸𝐸 × ln(1 − 𝐸𝐸𝐸𝐸𝐸𝐸)]2 against 𝐸𝐸 and then extrapolating the band edge 
to the x-axis intercept [98][116][117] as shown in Figure 4.10 (c) and (d). The 
extracted bandgap values for the CdS/CdTe and CIGS samples were ~1.47eV and 
~1.18eV, respectively, which is in close agreement to the values extracted from the PL 
spectra in Figure 4.5. 
Table 2 summarises all the extracted bandgap values for the three samples using PL 
from all labs and EQE measurements. The bandgap values ranges within ~0.01eV for 
the CdS/CdTe sample, ~0.004eV for the bare CdTe sample and ~0.07eV for the CIGS 
sample, which are in fairly good agreement with each other. With exception of the first 
CREST CIGS PL measurement, which, as detailed previously, measured a slightly 
different bandgap at Lab 2 that was due to the different excitation spot. Furthermore, 
Lab 3’s PL spectrum of the CIGS sample also had a more significant different 
bandgap, which was likely due to either a different laser excitation spot or decreased 
sensitivities/calibration issues at longer wavelengths (>900nm) of the CCD 
spectrometer. 
Sample CREST-
640nm  
[eV] 
LAB 1-
532nm 
[eV] 
LAB 2-
532nm 
[eV] 
LAB 2-
633nm 
[eV] 
LAB 3-
640nm 
[eV] 
EQE  
[eV] 
CdS/CdTe 1.467/1.505 1.475 1.473/1.506 1.464/1.497 1.47/1.51 1.47 
Bare CdTe 1.508 1.505 1.509 1.509 N/A N/A 
CIGS 1st:1.175 
2nd:1.186 
N/A 1.191 1.188 1.246 1.18 
Table 2 Extracted bandgap values from PL between all three labs and EQE 
measurements 
Although the above results validate the accuracy of the PL measurements from the 
combined measurement system, they also show the disadvantages of using different 
measurement systems to measure the same sample. A different measurement spot can 
result in a shift in the PL spectrum and the subsequent extracted bandgap value, which 
was especially apparent in the CIGS sample. Furthermore, different laser wavelengths 
are absorbed at different depths in the sample, yielding additional sub-bandgap 
emission peaks. This was observed in the CdS/CdTe sample where the PL spectra from 
532nm laser yielded an additional shoulder peak between ~1.6eV-1.8eV. 
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4.3 Time-resolved photoluminescence 
This section first characterises the PMT detectors and in addition, the time resolution 
and the instrument response function (IRF) of both PMTs are examined. The TRPL 
measurement procedure is then described and the resulting measurements are analysed 
and compared to TRPL measurements conducted at other research labs. 
4.3.1 PMT stability and warm-up time 
Similarly to the equipment needed for spectrally-resolved PL, it is important to 
investigate the “warm-up” time of both PMTs until a stable state is reached after the 
initial sensor power up. This ensures that the system is given enough time to reach a 
steady state for better measurement quality and repeatability. 
The stability of both PMTs was measured from the PMT high voltage supply power-
up over a period of 30 minutes. The total number of dark counts within an integration 
time of 10s was recorded once every 30 seconds. It should be noted that during the 
first ~20 minutes after power-up of the Hamamatsu PMT the high voltage cannot be 
applied as the PMT first needs to cool down, so no dark measurements could be 
recorded. 
Figure 4.11 shows the resulting stability measurements of the two PMTs. The left y-
axis displays the total counts for the Picoquant PMT, the right y-axis displays the total 
counts for the Hamamatsu PMT and the x-axis is the time in minutes. Both PMTs show 
the same trend with an initially high total dark count that decreases to a more stable 
state after approximately 20 minutes. It was determined that approximately 20 minutes 
and 40 minutes of “warm-up” time are needed for the Picoquant and Hamamatsu PMT 
respectively to reach a stabilised state to conduct TRPL measurements. 
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Figure 4.11 The measured dark counts of both PMTs over time after the high 
voltage signal power on 
4.3.2 The PMTs’ instrument response   
When TRPL measurements are recorded, they are convolved with the instrument 
response function (IRF) and so the lifetime values can be overestimated, depending on 
the IRF and the lifetime of the sample. The IRF is recorded by the TRPL system by 
measuring the laser pulse directly via the normal path of the optical system. As a result, 
the IRF of a TRPL system is a convolution of several factors including the laser pulse 
width, detector response/timing, optical path length and internal reflections [118]. 
Therefore, it is necessary to investigate the IRF of both PMTs. 
Methodology: 
The IRF of the Picoquant PMT was measured by first removing the 640nm long-pass 
filter, then setting the monochromator wavelength to 640nm and measuring the 
scattered laser light directly from the sample using the Picoquant PMT. A scattering 
solution of diluted colloidal silica was initially used in place of the sample. However, 
it was found to have the same IRF profile as using a weakly reflective sample (to make 
sure the PMT is not oversaturated). It should be noted that it is not normally 
recommended to measure the IRF using the scattered excitation light for TRPL 
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microscopy setups due to numerous reflection peaks found along the light pathway 
[119]. Although in this case, it was the most practical solution to obtain an approximate 
measurement of the Picoquant PMT’s IRF. 
TRPL decay curves can be corrected for the IRF by using the least squares iterative 
reconvolution method. Reconvolution takes into the account the effect of the IRF  by 
convolving either a single or double exponential decay fitting function with the 
measured IRF to correct for the IRF [120][121]: 
𝐹𝐹(𝑡𝑡) = � 𝐴𝐴𝑒𝑒−𝑑𝑑 𝜏𝜏⁄+∞
−∞
⊗ 𝐼𝐼𝑆𝑆𝐹𝐹 𝑑𝑑𝑡𝑡 (4.3) 
Once the IRF had been measured, data analysis software Origin was used to attempt 
IRF correction by using the example Origin code [120] to correct TRPL measurements 
for the IRF. The code uses the fast Fourier transform (FFT) to perform the convolution 
of the IRF and fitting function, and then fit the resulting convolution via the least 
square method to the decay curve. 
Picoquant PMT: 
Figure 4.12 (a) shows the measured IRF and the inset graph shows an applied Gaussian 
fit to extract the full width half maximum (FWHM) of approximately ~224ps, which 
is close to the manufacturer’s specification (~180ps). There is also a background pulse 
at around 12ns from after-pulsing, which is an inherent characteristic of PMTs as 
discussed previously in Section 3.1.4. 
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Figure 4.12 The measured IRF for the Picoquant PMT  
The measured IRF of the Picoquant PMT was compared with TRPL measurements of 
an untreated CdS/CdTe sample and finished CdS/CdTe PV device (see Figure 4.13 
(a)). It was observed that the IRF is much shorter than the CdS/CdTe PV device decay 
curve, but almost the same as the untreated CdS/CdTe decay curve. It was also seen 
that the IRF affects the untreated CdS/CdTe decay curve significantly more because 
the after-pulsing effect is much more noticeable compared to the CdS/CdTe PV device 
decay curve. 
Furthermore, the measured IRF signal rises faster than the actual TRPL measurements, 
which was speculated to be from internal reflections within the optical system. 
Therefore, the IRF was measured with a sample and without a sample with the lab jack 
lowered as shown in Figure 4.13 (b). For the IRF without a sample, one can observe a 
signal with a faster rising edge compared to the IRF with a sample. This confirmed 
that the laser light is internally reflected within the optical system and arrives at the 
PMT before the laser light scattered by the sample, resulting in a faster rise time. 
Furthermore, this faster rise time is not seen in actual TRPL measurements because 
the 640nm filter, which is normally used in the input optics blocks the internally 
reflected laser light.  
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Figure 4.13 (a) the measured IRF plotted with the TRPL decay curves (b) the IRF 
measured with a sample and no sample with lowered lab jack 
Hamamatsu PMT: 
There was no practical method to use the laser to measure the IRF of the Hamamatsu 
PMT, as the 640nm laser is out of the detection wavelength range (950nm-1700nm). 
Therefore, the transit time spread (TTS) characteristic of the Hamamatsu PMT was 
taken directly from the manufacturer’s specifications [122]. The transit time of a PMT 
is the time interval between an incident photon on the photocathode and the appearance 
of the subsequent output pulse. Transit time fluctuations occur when a photocathode 
is fully illuminated with a stream of single photons, which is known as the TTS. It is 
a useful parameter in determining the response time of a PMT [86]. 
88 
 
 
Figure 4.14 Transit time spread of the Hamamatsu PMT [122] 
TRPL measurements were then conducted on samples at two different stages of 
fabrication for CIGS PV devices to test if its time resolution was able to distinguish 
between samples of potentially different carrier lifetimes without IRF correction. 
TRPL measurements were performed at 1050nm (~1.18eV) on a selenised CIGS 
absorber layer sample with no CdS n-type buffer layer, and a finished CIGS PV device 
as shown in Figure 4.15. The maximum PL intensity (~6000 counts) and carrier 
lifetime (~435ps) of the selenised CIGS absorber is much lower than the finished CIGS 
PV device (~53000 counts and ~2.6ns). The CIGS absorber layer had been exposed to 
air for six months and degraded over time, resulting in a lower PL signal and shorter 
carrier lifetime compared to the finished CIGS PV device. This type of degradation 
had also been observed in [52], where the carrier lifetime of an as-deposited CIGS 
absorber decreased from ~250ns to just ~1ns after one day exposure to air. 
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Figure 4.15 TRPL decay curves of the six month old selenised CIGS absorber 
and the finished CIGS PV device.  
Figure 4.16 (a) shows the TTS of the Hamamatsu PMT where the FWHM is ~367ps 
and is much shorter than the CIGS PV device decay curve. It was also observed from 
Figure 4.15 that the CIGS absorber’s TRPL decay curve appeared to be similar to the 
TTS. A Gaussian fit was then applied to the TRPL decay curve (see Figure 4.16 (b)) 
to extract the FWHM of approximately ~1ns, which is more than double than that of 
the manufacturer’s specification. The Hamamatsu PMT’s IRF appears to affect the 
CIGS absorber decay curve more because the after-pulsing effect is slightly more 
noticeable compared to the CIGS PV device decay curve. In short, the measured as-
deposited samples’ TRPL are quite similar to both PMTs’ IRF while the measured 
finished PV devices’ TRPL are significantly longer than the PMTs’ IRF. As a result, 
the IRF does not significantly influence TRPL measurements of PV devices as the 
after-pulsing effect is not visible. 
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Figure 4.16  (a) Transit time spread of the Hamamatsu PMT [122] and (b) TRPL 
decay curve of the six month old CIGS absorber with fitted 
Gaussian 
Reconvolution fitting:   
Figure 4.17 (a) and (b) compares the IRF corrected TRPL measurements with the 
uncorrected TRPL measurements for an untreated CdTe sample and a CdS/CdTe PV 
device, respectively. The reconvolution fitting yielded carrier lifetime values 231ps 
and 1.31ns for the untreated CdTe sample and CdS/CdTe sample respectively, which 
is slightly lower than the uncorrected exponential decay fittings (290ps and 1.52ns). 
This is as one would expect as IRF correction should lead to shorter decay times. 
However, the reconvolution fitting was found to not be a very robust method and was 
unable to provide consistent results. For instance, the fitting often would not converge 
or the extracted lifetime values were greater than a normal double exponential decay 
fitting. It was therefore decided for consistency in this thesis, all TRPL measurements 
are not IRF corrected. It should be stressed that the IRF correction is not required if 
the carrier lifetime is significantly longer than the IRF and should not impact the results 
of this thesis. 
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Figure 4.17 Comparison of IRF corrected decay curve and normal single or 
double exponential for an (a) untreated CdTe sample (b) 
CdS/CdTe PV device 
4.3.3 TRPL measurement methodology 
A PL spectrum is first recorded before measuring a TRPL decay curve. This is done 
as described in Section 4.2.2 and ensures that the sample is in the correct working 
distance to the objective lens to measure TRPL on the same spot. The monochromator 
is then set to a specific wavelength depending on the resulting PL spectrum and the 
extracted bandgap. In the case of the samples measured here, the wavelength was set 
to 846nm to match the measured bandgap of ~1.47eV for the CdS/CdTe sample and 
1055nm (~1.18eV) for the CIGS sample. 
The laser frequency is set depending on the sample’s estimated carrier lifetime. It 
needs to be low enough to allow the signal to fully decay before a new trigger cycle 
starts. Laser pulse frequencies of 2.5MHz and 20 MHz were used to measure the 
CdS/CdTe and CIGS samples, respectively. Furthermore, the laser power must be set 
high enough to induce a detectable signal, but also low enough to not cause pulse pile-
up or damage to the PMT. 
Pulse pile-up is the effect of photons being lost from high photodetector count rates 
due to dead times of TCSPC devices, which is the time the hardware needs to process 
the event after detection of a single photon [123]. Therefore, if too many photons arrive 
at the detector after a single pulse, the first photon may arrive at an earlier time at the 
next pulse. This results in a more rapid decay as the time-amplitude converter (TAC) 
is stopped by the first arriving photon [123][124] as previously described in Section 
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3.1.5. To avoid this pulse pile-up effect, the laser power is set depending on the 
detected input count rate of the detector which needs to be at most between 1% and 
5% of the laser repetition rate [125]. For example, if the laser repetition rate is 20MHz, 
the input count rate should not exceed 1×106 counts per second (cps). When measuring 
TRPL, the typical count rate for CdS/CdTe samples is ~2×103 cps and ~2.7×105 cps 
for CIGS samples, which are within 1% of their respective laser repetition rate. In 
addition, a system warning is issued by the TimeHarp 260 TCSPC software if the 
detected input count rate is higher than 5% of the laser repetition rate. 
Depending on the selected wavelength, the rotating prism mirror at the monochromator 
output is used to direct the luminescence onto the detection area of either the Picoquant 
PMT (230nm-920nm) or Hamamatsu PMT (950nm-1700nm). The Picoquant PMT is 
used to measure CdS/CdTe samples while the Hamamatsu PMT is used to measure 
CIGS samples. 
Both are plotted as a histogram on a logarithmic scale, where the y-axis is the PL 
intensity in counts and the x-axis is the time in nanoseconds. The histogram displays 
the photon arrival times, which are sorted into time bins and is formed by data 
collection over multiple excitation and emission cycles. Hence, the resulting TRPL 
decay curves provide the temporal information of the carrier recombination in the 
sample. The TRPL decay data are then fitted with the following double exponential 
decay function: 
𝑦𝑦 = 𝐴𝐴1exp�−(𝑑𝑑 − 𝑑𝑑0)𝜏𝜏1 � + 𝐴𝐴2exp�−(𝑑𝑑 − 𝑑𝑑0)𝜏𝜏2 � + 𝑦𝑦0 (4.4) 
where 𝐴𝐴1 and 𝐴𝐴2 are the amplitudes, 𝑑𝑑 is time, 𝑑𝑑0 is the x offset, 𝜏𝜏1and 𝜏𝜏2 are the time 
constants, where 𝜏𝜏1 corresponds to the initial section and 𝜏𝜏2 corresponds to the final 
sections of the decay curve [52]  and 𝑦𝑦0 is the y offset. The 𝜏𝜏1 value is where the 
sample is under the initial high injection and 𝜏𝜏2 is where the sample is under low 
injection [126]. The value of 𝜏𝜏2 represents the minority carrier recombination lifetime 
[47][126] and is an important indicator of the semiconductor material quality. 
4.3.4 Sample TRPL measurements 
TRPL measurements were then conducted on the same samples as previously 
characterised by spectrally-resolved PL in Section 4.2.2. Figure 4.18 and Figure 4.19 
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show the resulting TRPL decay curves of the CdS/CdTe and CIGS samples, 
respectively. The resulting fits yielded values of 𝜏𝜏1 = 1.06ns and 𝜏𝜏2 = 3.58ns for the 
CdS/CdTe sample and 𝜏𝜏1 = 0.63ns and 𝜏𝜏2 = 2.45ns for the CIGS sample. Previous 
room temperature TRPL measurements of CIGS PV devices have reported carrier 
lifetimes of several ns [51][126][127] to over 100ns [52]. CdS/CdTe PV devices have 
similarly yielded a range of carrier lifetime values, ranging from several ns [7][11] to 
over 10ns [128]. As a result, the extracted minority carrier lifetimes are within the 
expected ns regime of CdS/CdTe and CIGS finished PV devices [53]. 
 
Figure 4.18 TRPL decay curve of the CdS/CdTe sample at 846nm (~1.47eV)  
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Figure 4.19 TRPL decay curve of the CIGS sample at 1055nm (~1.18eV)  
4.3.5 Inter-laboratory comparison of TRPL 
measurements 
To check whether the CREST TRPL decay curves are in the correct timescale, TRPL 
measurements were conducted at two other research labs (Labs 3 and 4) on the same 
previously measured samples (CdS/CdTe Sample 1 and CIGS), and an additional 
CdS/CdTe PV device (CdS/CdTe Sample 2). 
Both TRPL systems at Labs 3 and 4 were custom built TRPL systems. The excitation 
source of Lab 3 used a wavelength tuneable super continuum laser, while Lab 4 used 
the same 640nm pulsed diode laser head as the CREST system. Lab 3 used a similar 
microscope optical setup to the CREST system, while Lab 4 used two separate lenses 
for laser focusing and emission collection. Both labs used a monochromator system 
for wavelength selection and a single photon avalanche photodiode (SPAD) for sample 
emission detection via the TCSPC method.  
TRPL measurements were conducted at the emission peaks from the resulting PL 
spectra, as detailed in Figure 4.7. If the lab had not been able to measure a PL spectrum, 
the wavelength was set to the same as the CREST TRPL measurement. The TRPL 
integration time was 30s for CREST and 120s for Lab 3. Lab 4 used 300s integration 
time for CdS/CdTe Sample 1, and 720s for CdS/CdTe Sample 2 and the CIGS sample. 
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Figure 4.20 shows the TRPL decay curves from (a) CREST, (b)/(d) Lab 3 and (c) Lab 
4. The extracted carrier lifetimes 𝜏𝜏2 are presented in Table 3. CdS/CdTe Sample 1 has 
a longer lifetime than CdS/CdTe Sample 2, which was observed at all three labs. 
However, the CdS/CdTe TRPL decay curves from Lab 4 have a longer carrier lifetime 
by a factor of ~3 compared to CREST and Lab 3. The extracted carrier lifetime for the 
CIGS sample is almost the same from CREST (~2.45ns) and Lab 4 (~2.49ns). 
However, the extracted carrier lifetime from Lab 3’s TRPL decay curve of the CIGS 
sample is significantly shorter (~0.34ns), which is almost the same as the measured 
IRF from the laser (see Figure 4.20 (d)). There are several possible reasons for these 
differences, which will be discussed below. 
 
Figure 4.20 TRPL decay curves of the samples measured at (a) CREST, (b) Lab 
3, (c) Lab 4 and the (d) CIGS TRPL decay curve measured at 
Lab 3 with the IRF 
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Sample CREST TRPL  
𝜏𝜏2 [ns] 
LAB 3 TRPL 
 𝜏𝜏2 [ns] 
LAB 4 TRPL 
𝜏𝜏2 [ns] 
CdS/CdTe Sample 1 3.6 2.67 9.19 
CdS/CdTe Sample 2 1.36 1.5 5.01 
CIGS 2.45 0.34 2.49 
Table 3 Comparison of the extracted carrier lifetime from TRPL measurements 
of all three labs 
It was observed previously in Figure 4.7 (b) that the CdS/CdTe PL spectrum from Lab 
4 was extremely noisy. Lab 4’s optical setup for PL and TRPL used two separate lenses 
for laser focussing and emission collection. As a result, the sample may not have been 
in the correct focal length of the lens for emission collection.  
Further TRPL measurements were conducted at CREST on the two CdS/CdTe 
samples, which were not in the correct working distance to the microscope objective 
lens (i.e. slightly lowered sample stage). A longer integration time of 300s and higher 
laser intensity were required to obtain a detectable TRPL signal. Figure 4.21 shows 
the resulting TRPL decay curves and the corresponding fits. The decay curves have a 
noticeably lower peak intensity when compared to Figure 4.20 (a) due to inefficient 
collection of the luminescence. As the sample is also further away from the objective 
lens, the luminescence needs to travel further to the PMT, resulting in a visibly longer 
decay. The extracted carrier lifetime for CdS/CdTe Sample 1 (~8.5ns) and (~4.3ns) for 
CdTe Sample 2 are more similar to Lab 4’s carrier lifetime values in Table 3. 
Therefore, one of the possible reasons for Lab 4’s longer carrier lifetimes may have 
been due to inefficient collection and collimation of the luminescence due to their 
optical setup. 
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Figure 4.21 TRPL decay curves of the CdS/CdTe samples measured outside the 
working distance of the objective lens  
Lab 3’s CIGS TRPL decay curve was measured at 990nm (~1.25eV) rather than 
1055nm (~1.18eV) compared to CREST and Lab 4. This was because ~1.25eV is the 
PL maximum based on the measured PL spectrum measured at Lab 3’s in Figure 4.9. 
However, based on the PL spectra measured by CREST and Lab 2, ~1.25eV is closer 
to the base of the spectrum rather than the peak. Therefore, another two TRPL 
measurements were conducted on the CIGS sample at CREST, one at 1055nm 
(~1.18eV) and another at 990nm (~1.25eV) as shown in Figure 4.22. 
Figure 4.22 shows that the TRPL decay curve measured at ~1.25eV has a lower peak 
intensity and a slightly shorter carrier lifetime (2.54ns) than the TRPL decay curve 
measured at ~1.18eV (2.69ns). However, the carrier lifetime is still much longer than 
Lab 3’s TRPL carrier lifetime (0.34ns). In addition to the selected wavelength, the 
pulse pile-up effect may have also occurred due to a high input count rate at the 
detector. Previous work on this effect has shown the TRPL decay curves becoming 
more non-exponential as the number of arriving photons at the photodetector increased 
[124]. This distorts the histogram and shortens the decay time [123], which appears to 
be the case in Figure 4.20 (d). A combination of these two factors likely contributed 
to Lab 3’s shorter measured carrier lifetime for the CIGS sample. 
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Figure 4.22 TRPL decay curves of the CIGS sample measured at ~1.18eV and 
~1.25eV 
The above TRPL comparison measurements show that the Picoquant PMT’s 
sensitivity was able to distinguish between the lifetimes of two CdS/CdTe samples and 
all the TRPL measurements were in the expected ns timescale. Although similar trends 
can be detected using different measurement systems, the values can vary due to 
different measurement conditions as discussed above. The possible causes for these 
measurement variations were narrowed down, but further investigation will increase 
confidence in the proposed theories. 
4.4 Transient photocurrent decay  
The following subsections first describe the TPCD measurement procedure. The 
resulting TPCD measurements are then analysed and compared to TPCD 
measurements of the same samples from another research lab. The effect of changing 
the size of the laser excitation area is also investigated. 
4.4.1 TPCD measurement methodology 
To measure TPCD, the probes need to be first contacted to the sample front and back 
contacts and directly connected to the sampling channel 1 of the oscilloscope. If 
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combined PL, TRPL and TPCD measurements are to be conducted, the sample is first 
contacted by probes to ensure that the position of the sample is unchanged. The PDL-
800B laser driver output sync channel is connected to the oscilloscope sampling 
channel 2 to provide a trigger signal for the TPCD measurement. A 10dB attenuator is 
also used to reduce the input voltage of the trigger signal. Before a TPCD 
measurement, the laser repetition rate is adjusted depending on the decay time of the 
samples, (2.5MHz for the CdS/CdTe sample and 500kHz for the CIGS sample). The 
trigger level for sampling channel 2 is adjusted to approximately half the peak trigger 
signal (-40mV in this case). Once a detectable TPCD signal is found by adjusting the 
lab jack height, the actual TPCD measurement is performed. 
The resulting photocurrent decay can then be fitted by the following single exponential 
decay function to extract the minority carrier transport time 𝜏𝜏𝑘𝑘𝑇𝑇𝑆𝑆𝐷𝐷 [57]:  
𝑉𝑉(𝑡𝑡) = A × exp � −𝑡𝑡
𝜏𝜏𝑘𝑘𝑇𝑇𝑆𝑆𝐷𝐷
� + 𝑉𝑉  (4.5) 
 
where A is the amplitude, 𝑡𝑡 is the time, 𝜏𝜏𝑘𝑘𝑇𝑇𝑆𝑆𝐷𝐷 is the fitted time constant and 𝑉𝑉 is the 
offset. 
4.4.2 Sample TPCD measurements 
TPCD measurements were conducted on CdS/CdTe Sample 1 and the CIGS sample 
previously characterised by PL and TRPL in Sections 4.2.2 and 4.3.4, respectively. 
Figure 4.23 shows the measured TPCD curves. It should be first noted that the 
extracted TPCD signal is the voltage measured from the sample near short circuit 
conditions (at 50Ω impedance) [63]. Both curves follow a similar trend with an initial 
rapid increase of the TPCD signal followed by a slower decay process. This initial 
signal rise-up is caused by the absorption of a single laser excitation pulse, which 
generates excess minority carriers in the PV device. After the excitation pulse ends, no 
further electron-hole pairs are generated. The remaining photo-generated excess 
minority carriers are transported to the contacts and collected as a TPCD signal 
[6][129]. Furthermore, recombination also occurs alongside the transport processes 
[58][130] and so over time, fewer charge carriers will be collected by the contacts 
resulting in a decay. Figure 4.23 also shows the single exponential decay fits on the 
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two TPCD curves where carrier transport time constants of ~82.6ns and ~345.5ns were 
extracted for the CdS/CdTe sample and the CIGS sample, respectively. 
 
Figure 4.23 TPCD curves of the CdS/CdTe and CIGS samples using a slightly 
expanded beam  
Unlike PL or TRPL, the sample does not need to be in the exact working distance when 
under laser illumination because luminescence is not required to be collected. 
Therefore, the beam can be expanded by increasing the distance to the objective lens. 
The effect of the beam size on the TPCD measurements was then investigated because 
PL and TRPL require the sample to be in the working distance of the objective lens 
when performing combined measurements. 
TPCD measurements were conducted at different working distances and Figure 4.24 
shows the TPCD curves acquired at two different excitation beam sizes for the (a) 
CdS/CdTe sample and (b) CIGS sample. It was observed for both samples that a 
reduced laser excitation area resulted in a lower peak TPCD signal compared to a 
larger excitation area. This effect was also seen in previous work [8], where focussing 
the laser required the laser intensity to be increased to measure a detectable TPCD 
signal compared to illuminating the entire cell. Focussed laser illumination on a solar 
cell can result in high injection effects where the photo-generated carrier density is 
large compared to the doping density in the p-type quasi-neutral region, which causes 
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localised saturation of minority carriers [131]. The electron and hole densities 
subsequently become comparable (𝑑𝑑 ≈ 𝑑𝑑) within the excitation spot in the quasi-
neutral region [131]. As a result, increasing the number of incident photons (i.e. laser 
intensity) on the sample does not result in further generation of electron-hole pairs in 
the excited area (i.e. higher TPCD signal) [132]. However, increasing the area of 
excitation minimises this saturation effect by increasing the number of photo-
generated carriers over a larger area. This results in a higher TPCD signal as can be 
seen in Figure 4.24. 
Table 4 shows the extracted carrier transport times for the CdS/CdTe sample and the 
CIGS sample. For both samples, increasing the excitation area also resulted in a longer 
carrier transport time. This effect was also observed in previous work [8], where 
defocusing the laser excitation spot resulted in longer transient decays with higher 
signals. A larger excitation spot results in more charge carriers generated at different 
positions across the sample, which yields a global carrier transport time rather than a 
localised carrier transport time from focussed excitation [8]. A smaller spot allows for 
the probing of different areas on a PV device compared to illumination of the entire 
device, which will be demonstrated in Chapter 5.  
 
Figure 4.24 Effect on the TPCD signal when increasing the area of excitation on 
the (a) CdS/CdTe and (b) CIGS sample 
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Sample Reduced beam area 
𝜏𝜏𝑘𝑘𝑇𝑇𝑆𝑆𝐷𝐷 [ns] 
Expanded beam area 
𝜏𝜏𝑘𝑘𝑇𝑇𝑆𝑆𝐷𝐷 [ns] 
CdS/CdTe Sample 1 82.6 110.6 
CIGS  238.8 309.9 
Table 4 Extracted carrier transport times from TPCD measurements of the 
CdS/CdTe and CIGS sample when increasing the area of 
excitation 
4.4.3 Inter-laboratory comparison of TPCD 
measurements 
The CREST TPCD measurements were compared to measurements conducted at Lab 
2 to confirm that they were in the same timescale. Lab 2’s TPCD system is a custom 
built system and has been used previously to characterise organic solar cells using 
transient photocurrent decay mapping [8]. A Sirah PrecisionScan dye laser with a 
635nm wavelength, <10ns pulse width and 10Hz frequency was used as the excitation 
source. The sample was over-illuminated by the laser and contacted with  probes to a 
Tektronix DPO4104B digital storage oscilloscope, where the input impedance was set 
to 50Ω for TPCD measurements [8]. 
Figure 4.25 (a) and (b) show TPCD curves recorded at Lab 2 of the CdS/CdTe and 
CIGS sample. Lab 2’s TPCD curves have also been fitted with the single exponential 
decay function Eq.(4.5) to extract the carrier transport time. The extracted carrier 
transport lifetimes 𝜏𝜏𝑘𝑘𝑇𝑇𝑆𝑆𝐷𝐷 are presented in Table 5 and show a similar trend where the 
CdS/CdTe sample has a shorter carrier transport time than the CIGS sample, which 
was measured at both labs. However, the values do deviate for the CdS/CdTe sample 
by factor of ~1.4 and ~1.7 on the CIGS sample. The possible reasons for this will be 
discussed below.  
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Figure 4.25 Comparison of TPCD measurements at Lab 2  and CREST of (a) 
CdS/CdTe Sample 1 and (b) the CIGS sample 
Sample CREST TPCD  
𝜏𝜏𝑘𝑘𝑇𝑇𝑆𝑆𝐷𝐷 [ns] 
Lab 2 TPCD  
𝜏𝜏𝑘𝑘𝑇𝑇𝑆𝑆𝐷𝐷 [ns] 
CdS/CdTe Sample 1 82.6 58.3 
CIGS 345.5 590.96 
Table 5 Extracted carrier transport time from TPCD measurements of CdS/CdTe 
Sample 1 and the CIGS sample from CREST and Lab 2 
Although the CdS/CdTe sample was over-illuminated by the laser at Lab 2, the peak 
TPCD signal (~8mV) is lower than CREST’s TPCD curve (~20mV). One would 
expect the TPCD signal to be higher from the larger excitation area, which had been 
observed before in Lab 2 [8] as discussed previously in Section 4.4.2. The decay 
profile is more similar to the CREST TPCD curve measured with a focussed beam (i.e. 
reduced excitation area) as shown in Figure 4.26. One of the reasons for this may have 
been Lab 2’s longer laser pulse width (~10ns), which can influence the overall time 
resolution for TPCD measurements [132]. This is similar to TRPL where the laser 
pulse should be as short as possible (i.e. shorter than the sample’s decay time) [133]. 
As a result, when the oscilloscope is triggered for a TPCD measurement, the laser 
illuminates the sample for a longer duration which resulted in a later point of decay 
(~90ns) compared to the CREST TPCD curves (~60ns) as shown in Figure 4.26.  
There are also many other factors which can affect TPCD measurements including 
oscilloscope bandwidths, cable lengths and different measurement conditions (i.e. 
different injection levels and excitation spots) [134]. This significantly increases the 
difficulty in pinpointing the exact cause of the variability between the measurements. 
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Figure 4.26 Comparison of the point of decay for CREST and Lab 2’s TPCD 
curves 
The TPCD comparison measurements demonstrate that both TPCD systems are 
capable of detecting similar trends between different samples, which shows the 
viability of TPCD in the combined measurement system. However, it was also 
observed that TPCD systems with different components can result in different decay 
profiles for the same samples, which shows that there is a larger variability in 
measurements between laboratories.  
4.5 Chapter conclusions 
Individual PL/TRPL/TPCD measurements of the combined measurement system were 
successfully performed on CdTe and CIGS thin film samples, demonstrating the full 
capability of the measurement system. The analysis of the results showed that each 
characterisation technique yields different device/material information for solar cells. 
PL yielded the material bandgap, TRPL yielded the carrier lifetime and TPCD yielded 
the carrier transport time. Therefore, using just a single measurement technique results 
in important device characteristic details being lost. 
PL, TRPL and TPCD measurements were then conducted on the same samples at other 
research labs in an inter-laboratory comparison study. For PL, the bandgap values were 
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in fairly good agreement with each other. However, a different measurement spot on 
the sample sometimes resulted in slight shifts in the PL spectrum and different laser 
wavelengths yielded additional sub-bandgap emission peaks. For TRPL and TPCD, 
the same trends between different samples could be detected at all the labs when using 
different measurement systems. Nevertheless, different measurement parameters and 
conditions resulted in some variability in the carrier lifetimes and carrier transport 
times. The possible reasons for this measurement variability were examined and 
narrowed down. Future work should be done to determine the exact causes of 
variability between laboratories to improve comparability between labs. As a result, 
there will be less uncertainty in the measurements across all research labs, which 
would be advantageous for the device fabrication process and contribute to the 
fabrication of higher efficiency PV devices. 
Measuring PL, TRPL and TPCD with the same excitation source will allow for a 
localised carrier collection efficiency parameter to be extracted. This is more difficult 
using separate measurement systems due to the uncertainty of a different measurement 
spot as has been demonstrated in this chapter. The next chapter will look at combined 
measurements at the same spot on the sample using PL, TRPL and TPCD. The effect 
of measuring at different spots on a single cell will also be explored. A carrier 
collection efficiency parameter will be extracted from the combined measurements 
using a proposed theoretical model. 
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5 Quantifying carrier collection 
efficiency 
The spectrally-resolved photoluminescence (PL), time-resolved photoluminescence 
(TRPL) and transient photocurrent decay (TPCD) measurements in Chapter 4 
demonstrated the individual capabilities of the combined measurement system to 
extract the material bandgap, minority carrier lifetime and minority carrier transport 
time of solar cells. The comparison measurements of PL, TRPL and TPCD also 
highlighted the need for a combined, integrated approach as using different 
measurement systems of nominally the same technique can yield very different results 
for the same sample. 
The main aim of this thesis is to quantify the localised carrier collection efficiency of 
solar cells, with the solution proposed to use combined PL, TRPL and TPCD 
measurements from an integrated system. The carrier collection efficiency is a 
fundamentally important parameter describing solar cell quality and is affected by 
carrier transport and recombination. It strongly affects the overall power conversion 
efficiency (PCE) of a solar cell [135]. It is intended that this combined measurement 
approach will allow for easier identification and understanding of the limiting factors 
of the carrier collection efficiency in solar cells. This chapter pulls together the 
knowledge gained from the investigatory work described in the previous chapters to 
produce the first fully integrated cell characterisation. 
Section 5.1 first discusses the advantages of a combined measurement approach using 
PL, TRPL and TPCD. Section 5.2 then proposes a theoretical physical model based on 
this combined measurement approach to quantify a localised carrier collection 
efficiency parameter of solar cells from the measured TRPL localised carrier lifetime 
and the measured TPCD localised carrier transport time. Combined measurements of 
PL, TRPL and TPCD are conducted on CdS/CdTe and CIGS PV devices in Sections 
5.3 and 5.4, respectively. The proposed theoretical model is used to extract the 
localised carrier collection efficiency from the raw measurements to identify the 
limiting factors of carrier collection in the samples. 
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5.1 Combined measurement approach 
It was shown previously in Chapter 4 that PL, TRPL and TPCD yield different useful 
information on solar cell material and PV device quality. PL yields the material 
bandgap, TRPL yields the minority carrier lifetime and TPCD yields the minority 
carrier transport time. As a result, using just a single measurement technique results in 
important material and device information being lost. If different measurement 
systems are used to measure PL, TRPL and TPCD separately, this can result in 
different areas being measured on the solar cell during sequential characterisation, due 
to limitations in positioning the sample and different effective probe depths related to 
excitation source wavelength. 
Using the combined measurement system approach with the same excitation source 
and spot on the sample reduces the likelihood of repositioning errors, allowing for 
more comparable results. Furthermore, an additional localised carrier collection 
efficiency parameter can be extracted by using the localised carrier lifetime from 
TRPL and localised carrier transport time from TPCD. 
As previously discussed in Section 2.1.6, photo-generated carriers in a solar cell have 
a probability to be collected by the contacts and contribute to the light-generated 
current, which is known as the collection probability [39][43][136]. Therefore, the 
efficiency of carrier collection is important for solar cells as it affects the power 
conversion efficiency (PCE) of a PV device [135]. For a solar cell to have a higher 
carrier collection efficiency, photo-generated excess carriers must be collected by the 
contacts before they recombine. As a result, there needs to be efficient transport of 
minority carriers from the point of photo-generation to the contacts and recombination 
needs to be reduced [135]. One method to increase the carrier collection efficiency is 
to improve the semiconductor material quality by reducing defect densities and 
increasing grain sizes, which in turn decreases the recombination rate [135]. However, 
while material researchers may make changes to cell preparation and observe changes 
in the (directly-measured) PCE, it is not at all obvious where the gains or losses are 
arising. 
It is therefore important to experimentally characterise and identify the limiting factors 
of the carrier collection efficiency at a greater level of detail. External quantum 
efficiency (EQE) is a commonly used technique, which measures the ratio of the 
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number of collected carriers to the number of incident photons over a range of 
wavelengths [137]. The same factors which affect the collection probability also 
affects the quantum efficiency (QE) [136]. However, it can be difficult to pinpoint the 
exact causes for changes in the QE in a single EQE curve [138] as well as differences 
between EQE curves of different samples [98][99]. 
Furthermore in previous work, the carrier collection efficiency has been characterised 
by the use of combined intensity modulated photocurrent/photovoltage spectroscopy 
(IMPS/VS) [139][140]. During IMPS/VS, a modulated excitation source illuminates 
the sample and the modulation frequency is scanned over a wide range. The 
photocurrent/voltage response is measured in the frequency domain by a frequency 
analyser [141]. This yields time constants for the carrier recombination at open circuit 
(IMVS) and the combined processes of carrier transport and recombination at short 
circuit (IMPS) [139][140]. 
There are several proposed theoretical models to extract the carrier collection 
efficiency using IMPS/VS with the simplest being the ratio of the two time constants 
subtracted from 1 to yield the carrier collection efficiency [139][140][142]. A more 
detailed review and explanation of these theoretical models can be found in the 
following [139][142]. However, this approach has been used mainly to characterise 
the slower charge carrier dynamics of dye-sensitized solar cells [139][140][142] as the 
typical frequency range for IMPS/VS is tens of mHz to hundreds of kHz, which 
corresponds to times of several seconds to a few microseconds, respectively [141]. As 
a result, IMPS is unsuitable to characterise the bulk carrier recombination and transport 
processes of inorganic thin film solar cells as the processes in such materials are 
usually too fast to be measured by this technique [141][143]. 
In this thesis, the localised carrier collection efficiency is characterised as the 
percentage of the generated excess minority carriers in the sample that have been 
transported and collected as a detected TPCD signal. This localised carrier collection 
efficiency cannot be directly measured by combined TRPL/TPCD and so a theoretical 
model is required to extract this parameter. This will be described in more detail in 
Section 5.2. It should also stressed that this proposed theoretical model is a simplified 
model and the localised carrier collection efficiency defined in this work is different 
to the standard EQE measurement. However, these parameters are correlated as will 
be demonstrated by the experimental results in Section 5.4.2.  
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5.2 Proposed theoretical model 
Figure 5.1 shows an illustration of the generation, recombination and transport 
processes that occur when measuring TRPL and TPCD at the same spot on the sample. 
The excitation laser generates 𝑔𝑔 electron-hole pairs in the sample and results in the 
emission of photons, if the subsequent recombination is radiative. The emitted photons 
are detected as a PL signal 𝜑𝜑𝑇𝑇𝑃𝑃, which also yields the carrier recombination lifetime 
𝜏𝜏𝑘𝑘𝑆𝑆𝑇𝑇𝑃𝑃. After the laser pulse, the excess minority carriers are transported from the point 
of generation across a length 𝐿𝐿 to be collected as a TPCD signal 𝐽𝐽𝑘𝑘𝑇𝑇𝑆𝑆𝐷𝐷 at the contacts, 
yielding the carrier transport time 𝜏𝜏𝑘𝑘𝑇𝑇𝑆𝑆𝐷𝐷 [6][58].  
 
Figure 5.1 Illustration of the generation, recombination and transport processes 
of excess minority carriers in a measured sample 
As a result, this allows for the extraction of the localised carrier collection efficiency 
𝜂𝜂𝑐𝑐𝑜𝑜𝑏𝑏 from 𝜏𝜏𝑘𝑘𝑆𝑆𝑇𝑇𝑃𝑃 and 𝜏𝜏𝑘𝑘𝑇𝑇𝑆𝑆𝐷𝐷 by the following equation: 
𝜂𝜂𝑐𝑐𝑜𝑜𝑏𝑏 = � 𝜏𝜏𝑘𝑘𝑆𝑆𝑇𝑇𝑃𝑃2𝜏𝜏𝑘𝑘𝑇𝑇𝑆𝑆𝐷𝐷 (5.1) 
The following subsections describe the derivation of the proposed model and the 
dependence on data from the combined TRPL and TPCD measurements. 
5.2.1 Carrier recombination and lifetime from TRPL 
It should be noted first that only the minority carrier electrons in the p-type quasi-
neutral region are considered in the proposed physical model. This is because the p-
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type absorber layer in the CdTe and CIGS solar cells in this work are thicker than the 
n-type layer by several orders of magnitude, as detailed in Section 4.1. Furthermore, 
the detected PL emissions from the PL measurements in Section 4.2.3 are from the p-
type absorber layers. 
Carrier recombination: 
As previously discussed in Section 2.1.3, recombination of charge carriers in solar 
cells is due to the Shockley-Read-Hall (SRH), radiative and Auger recombination 
processes [3]. The overall recombination rate is the sum of all three processes and can 
be represented by rate equations as follows [94]: 
𝑟𝑟𝑑𝑑𝑟𝑟𝑐𝑐 = 𝑟𝑟𝑆𝑆𝑆𝑆𝑆𝑆 + 𝑟𝑟𝑑𝑑𝑟𝑟𝑑𝑑 + 𝑟𝑟𝐴𝐴𝐴𝐴𝑔𝑔𝑟𝑟𝑑𝑑 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑡𝑡
= �𝑑𝑑𝑑𝑑
𝑑𝑑𝑡𝑡
�
𝑆𝑆𝑆𝑆𝑆𝑆
+ �𝑑𝑑𝑑𝑑
𝑑𝑑𝑡𝑡
�
𝑑𝑑𝑟𝑟𝑑𝑑
+ �𝑑𝑑𝑑𝑑
𝑑𝑑𝑡𝑡
�
𝐴𝐴𝐴𝐴𝑔𝑔𝑟𝑟𝑑𝑑
 
(5.2) 
where 𝑑𝑑 is the electron density and 𝑡𝑡 is time. Eq.(5.2)  can be calculated by [29][35]: 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑡𝑡
= − 𝑑𝑑𝑑𝑑 − 𝑑𝑑0𝑑𝑑01
𝐴𝐴𝑛𝑛
(𝑑𝑑 + 𝑑𝑑𝑑𝑑) + 1𝐴𝐴𝑝𝑝 (𝑑𝑑 + 𝑑𝑑𝑑𝑑) 
−𝐵𝐵(𝑑𝑑𝑑𝑑 − 𝑑𝑑0𝑑𝑑0) 
−𝐶𝐶𝑛𝑛(𝑑𝑑𝑑𝑑 − 𝑑𝑑0𝑑𝑑0)𝑑𝑑 − 𝐶𝐶𝑝𝑝(𝑑𝑑𝑑𝑑 − 𝑑𝑑0𝑑𝑑0)𝑑𝑑 
(5.3) 
where 𝑑𝑑 is the electron density in the conduction band, 𝑑𝑑 is the hole density in the 
valence band, 𝑑𝑑0 and 𝑑𝑑0 are their densities at equilibrium respectively, 𝑑𝑑𝑑𝑑 is the 
intrinsic carrier density, 𝐴𝐴𝑛𝑛 and 𝐴𝐴𝑝𝑝 are the SRH recombination coefficients for 
electrons and holes respectively, 𝐵𝐵 is the radiative recombination coefficient, and 𝐶𝐶𝑛𝑛 
and 𝐶𝐶𝑝𝑝 are the Auger recombination coefficients for electrons and holes respectively. 
It is also assumed in Eq.(5.3) that the energy level for the SRH recombination centre 
is located near the intrinsic Fermi level, which is usually located in the middle of the 
bandgap [144]. The majority carriers in the p-type layer are holes which are expressed 
as [18]: 
𝑑𝑑 ≅ 𝑑𝑑0 = 𝑁𝑁𝐴𝐴 (5.4) 
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where 𝑁𝑁𝐴𝐴 is the doping density of p-type acceptors. The hole density 𝑑𝑑 in the p-type 
layer is greater than the electron density 𝑑𝑑, (i.e. 𝑑𝑑 ≫ 𝑑𝑑) and the total electron density 
is represented by [7][32]:  
𝑑𝑑(𝑡𝑡) = 𝑑𝑑0 + ∆𝑑𝑑(𝑡𝑡) (5.5) 
where ∆𝑑𝑑 is the excess electron density. 
It is assumed that the excess electron density is far greater than the electron density at 
equilibrium (i.e. ∆𝑑𝑑(𝑡𝑡) ≫ 𝑑𝑑0). Therefore 𝑑𝑑0 can simply be neglected (i.e. 𝑑𝑑(𝑡𝑡) ≅
∆𝑑𝑑(𝑡𝑡)) and Eq.(5.3) can be simplified to [18]: 
𝑑𝑑∆𝑑𝑑
𝑑𝑑𝑡𝑡
= −(𝐴𝐴𝑛𝑛 + 𝐵𝐵𝑁𝑁𝐴𝐴 + 𝐶𝐶𝑝𝑝𝑁𝑁𝐴𝐴2 + 𝐶𝐶𝑛𝑛𝑁𝑁𝐴𝐴∆𝑑𝑑)∆𝑑𝑑 (5.6) 
Eq.(5.6) is a non-linear differential equation and can only be solved by numerical 
methods. Therefore, it is not suitable for fitting TRPL data because many physical 
parameters need to be known in advance. However, Eq.(5.6) can be simplified by 
assuming the low injection condition [7], where the excess minority carrier density is 
less than the acceptor density (i.e. ∆𝑑𝑑 ≪ 𝑁𝑁𝐴𝐴). The 𝐶𝐶𝑛𝑛𝑁𝑁𝐴𝐴∆𝑑𝑑 term can be neglected and 
Eq.(5.6) can thus be simplified to [18]: 
𝑑𝑑∆𝑑𝑑
𝑑𝑑𝑡𝑡
= ∆𝑑𝑑(𝑡𝑡)
𝜏𝜏𝑛𝑛
 (5.7) 
where 𝜏𝜏𝑛𝑛 is the minority carrier lifetime represented as [7]: 
𝜏𝜏𝑛𝑛 = 1𝐴𝐴𝑛𝑛 + 𝐵𝐵𝑁𝑁𝐴𝐴 + 𝐶𝐶𝑝𝑝𝑁𝑁𝐴𝐴2 (5.8) 
The general solution of Eq.(5.7) is: 
∆𝑑𝑑(𝑡𝑡) = ∆𝑑𝑑(0)𝑒𝑒−𝑑𝑑 𝜏𝜏𝑛𝑛⁄  (5.9) 
It should be noted that the 𝐶𝐶𝑛𝑛𝑁𝑁𝐴𝐴2  term in Eq.(5.6) cannot be neglected in the case of 
the high injection condition where the excess minority carrier density approaches the 
majority carrier concentration (i.e. ∆𝑑𝑑 ≈ 𝑑𝑑0 = 𝑁𝑁𝐴𝐴) [30]. In this case, the 𝐶𝐶𝑝𝑝𝑁𝑁𝐴𝐴2 term is 
assumed to be a constant value, then Eq.(5.6) will become [29]: 
𝑑𝑑∆𝑑𝑑
𝑑𝑑𝑡𝑡
= ∆𝑑𝑑(𝑡𝑡)
𝜏𝜏∆𝑛𝑛
 (5.10) 
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where 𝜏𝜏∆𝑛𝑛 is the minority carrier lifetime under high injection conditions and is 
represented by [29]: 
𝜏𝜏∆𝑛𝑛 = 1𝐴𝐴𝑛𝑛 + 𝐵𝐵𝑁𝑁𝐴𝐴 + 𝐶𝐶𝑝𝑝𝑁𝑁𝐴𝐴2 + 𝐶𝐶𝑛𝑛𝑁𝑁𝐴𝐴2 (5.11) 
The general solution of Eq.(5.10) is: 
∆𝑑𝑑(𝑡𝑡) = ∆𝑑𝑑(0)𝑒𝑒−𝑑𝑑 𝜏𝜏∆𝑛𝑛⁄  (5.12) 
If Eqs.(5.8) and (5.11) are compared, the value of 𝜏𝜏∆𝑛𝑛 is less than 𝜏𝜏𝑛𝑛: 
𝜏𝜏∆𝑛𝑛 < 𝜏𝜏𝑛𝑛 (5.13) 
In short, Eq.(5.12) describes the decay regime of the initial high injection conditions 
in the carrier decay process, while Eq.(5.9) describes the decay regime approaching 
equilibrium of the low injection conditions [127]. As a result, the overall decay process 
seen in pulsed laser excited TRPL measurements is the sum of these two regimes 
which can be described as follows: 
∆𝑑𝑑(𝑡𝑡) = ∆𝑑𝑑1(0)𝑒𝑒−𝑑𝑑 𝜏𝜏∆𝑛𝑛⁄ + ∆𝑑𝑑2(0)𝑒𝑒−𝑑𝑑 𝜏𝜏𝑛𝑛⁄  (5.14) 
where  ∆𝑑𝑑1 and ∆𝑑𝑑2 are the excess electron densities for the high and low injection 
regimes respectively. This means that there are two carrier lifetime constants which 
can be obtained from the TRPL measurement: 𝜏𝜏∆𝑛𝑛, the carrier lifetime under the initial 
high injection conditions, and 𝜏𝜏𝑛𝑛, under the low injection conditions, the latter which 
is interpreted as the carrier lifetime [127]. The minority carrier lifetime 𝜏𝜏𝑛𝑛 therefore 
corresponds to the experimental 𝜏𝜏𝑘𝑘𝑆𝑆𝑇𝑇𝑃𝑃: 
𝜏𝜏𝑘𝑘𝑆𝑆𝑇𝑇𝑃𝑃 = 𝜏𝜏𝑛𝑛 = 1𝐴𝐴𝑛𝑛 + 𝐵𝐵𝑁𝑁𝐴𝐴 + 𝐶𝐶𝑝𝑝𝑁𝑁𝐴𝐴2 (5.15) 
Carrier lifetime from TRPL: 
TRPL directly detects the photon flux 𝜑𝜑𝑇𝑇𝑃𝑃 from the solar cell, which is generated from 
radiative recombination of excess minority carriers and can be expressed as [32][7]: 
𝜑𝜑𝑇𝑇𝑃𝑃 ∝ 𝐵𝐵(𝑑𝑑𝑑𝑑 − 𝑑𝑑0𝑑𝑑0) (5.16) 
where 𝐵𝐵 is the radiative recombination coefficient.  
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It is assumed that the detected photon flux 𝜑𝜑𝑇𝑇𝑃𝑃 is from the p-type quasi-neutral region. 
Therefore, 𝜑𝜑𝑇𝑇𝑃𝑃 can be represented by Eq.(5.17) by substituting Eqs.(5.4) and (5.5) into 
Eq.(5.16), yielding the following expression [32]: 
𝜑𝜑𝑇𝑇𝑃𝑃(𝑡𝑡) ∝ 𝐵𝐵𝑁𝑁𝐴𝐴∆𝑑𝑑(𝑡𝑡) (5.17) 
The detected PL signal 𝜑𝜑𝑇𝑇𝑃𝑃 is therefore linearly proportional to the excess minority 
electron density ∆𝑑𝑑 [32][7] and the resulting TRPL decay curve can be fitted by a 
double exponential decay function: 
𝜑𝜑𝑇𝑇𝑃𝑃(𝑡𝑡) = 𝐴𝐴1𝑒𝑒−𝑑𝑑 𝜏𝜏1⁄ + 𝐴𝐴2𝑒𝑒−𝑑𝑑 𝜏𝜏2⁄  (5.18) 
where 𝐴𝐴1 and 𝐴𝐴2 are the amplitudes, 𝑡𝑡 is time, and 𝜏𝜏1 and 𝜏𝜏2 are the time constants. 
Eq.(5.18) is identical to Eq.(5.14), where 𝐴𝐴1 = ∆𝑑𝑑1, 𝐴𝐴2 = ∆𝑑𝑑2, 𝜏𝜏1 = 𝜏𝜏∆𝑛𝑛 and 𝜏𝜏2 = 𝜏𝜏𝑛𝑛, 
where 𝜏𝜏1 < 𝜏𝜏2 according to Eq.(5.13). 
As a result, the shorter decay time in the TRPL measurement 𝜏𝜏1 = 𝜏𝜏∆𝑛𝑛 describes the 
initial decay process under high injection conditions [127]. Its value is dependent on 
the excess carrier density as indicated by Eq.(5.11). On the contrary, the longer decay 
time 𝜏𝜏2 = 𝜏𝜏𝑛𝑛 describes the decay process approaching equilibrium under low injection 
conditions [127]. This carrier lifetime is related to the material properties and is 
independent of the excess carrier density as indicated by Eq.(5.8). Therefore, 𝜏𝜏2 = 𝜏𝜏𝑛𝑛 
represents the localised carrier lifetime from the TRPL measurement. 
5.2.2 Carrier diffusion time from TPCD 
The TPCD curves in Section 4.4 all show a similar profile, where an initial charge up 
from the generation of electron-hole pairs is followed by a slower decay from the 
recombination and transport processes [6]. 
It is assumed that the measured TPCD signal comes from the p-type quasi-neutral 
region by neglecting the contributions from the space charge region [145] and n-type 
quasi-neutral region, due to the very thin n-type CdS layer used in the CdTe and CIGS 
samples. Furthermore, the electric field is very small within the parts of the quasi-
neutral regions which are sufficiently far from the PN junction. As a result, the drift 
current can be neglected with respect to the diffusion current [58][145] and the 
minority electron number density 𝑑𝑑 obeys the diffusion-recombination continuity 
equation as follows [58][144][145]: 
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𝜕𝜕𝑑𝑑
𝜕𝜕𝑡𝑡
= 𝐷𝐷𝑛𝑛 𝜕𝜕2𝑑𝑑𝜕𝜕𝑑𝑑2 + 𝑔𝑔 + 𝑟𝑟 = 0 (5.19) 
where 𝐷𝐷𝑛𝑛 is the electron diffusion coefficient, 𝑔𝑔 and 𝑟𝑟 are the generation and 
recombination rates respectively. This spatially dependent partial differential equation 
can be transformed into a spatially independent rate equation in which all the physical 
quantities discussed below are presumed to be spatially averaged. The three terms in 
Equation (5.19) are described as follows: 
During the TPCD measurement, excess minority carriers are first generated from the 
absorption of the incident laser (i.e. incident photon flux 𝜑𝜑). Therefore, the generation 
rate 𝑔𝑔 can be represented as a rate equation [146]: 
g = 𝛼𝛼𝜑𝜑 = �𝑑𝑑𝑑𝑑
𝑑𝑑𝑡𝑡
�
𝑔𝑔𝑟𝑟𝑛𝑛
 (5.20) 
where 𝛼𝛼 is the absorption coefficient and 𝜑𝜑 is the incident photon flux.  
The recombination rate 𝑟𝑟 is a combination of the SRH, radiative and Auger 
recombination processes which can be described by a single value of the average 
minority carrier lifetime 〈𝜏𝜏𝑛𝑛〉 as follows [145]: 
𝑟𝑟 = �𝑑𝑑𝑑𝑑
𝑑𝑑𝑡𝑡
�
𝑑𝑑𝑟𝑟𝑐𝑐
= −𝑑𝑑 − 𝑑𝑑0
〈𝜏𝜏𝑛𝑛〉
 (5.21) 
where 𝑑𝑑0 is the minority carrier electron density at equilibrium (i.e. no incident photon 
flux). It should be noted that 〈𝜏𝜏𝑛𝑛〉 is the average carrier recombination lifetime which 
occurs along the diffusion path [58], and is different from the localised carrier lifetime 
measured from TRPL 𝜏𝜏𝑘𝑘𝑆𝑆𝑇𝑇𝑃𝑃 discussed in Section 5.2.1.  
The diffusion transport process term in Eq.(5.19) can be represented by the minority 
carrier diffusion time 𝜏𝜏𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 as follows: 
𝐷𝐷𝑛𝑛
𝜕𝜕2𝑑𝑑
𝜕𝜕𝑑𝑑2
→ �
𝑑𝑑𝑑𝑑
𝑑𝑑𝑡𝑡
�
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
= −𝑑𝑑 − 𝑑𝑑0
𝜏𝜏𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
 (5.22) 
As a result, the partial differential equation of Eq.(5.19) is represented by the sum of 
the rate equations from Eqs. (5.20), (5.21) and (5.22): 
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𝑑𝑑𝑑𝑑
𝑑𝑑𝑡𝑡
= �𝑑𝑑𝑑𝑑
𝑑𝑑𝑡𝑡
�
𝑔𝑔𝑟𝑟𝑛𝑛
+ �𝑑𝑑𝑑𝑑
𝑑𝑑𝑡𝑡
�
𝑑𝑑𝑟𝑟𝑐𝑐
+ �𝑑𝑑𝑑𝑑
𝑑𝑑𝑡𝑡
�
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
 (5.23) 
The ‘𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑’ term in Eq.(5.23) is a carrier transport process and can be represented by 
an overall carrier collection rate as follows: 
�
𝑑𝑑𝑑𝑑
𝑑𝑑𝑡𝑡
�
𝑐𝑐𝑜𝑜𝑏𝑏
= �𝑑𝑑𝑑𝑑
𝑑𝑑𝑡𝑡
�
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
 
= −𝑑𝑑 − 𝑑𝑑0
𝜏𝜏𝑐𝑐𝑜𝑜𝑏𝑏
 
(5.24) 
where 𝜏𝜏𝑐𝑐𝑜𝑜𝑏𝑏 is the time for electrons travelling from the point of generation across the 
sample to the metal contacts to become a detected TPCD current signal. The detected 
TPCD current signal 𝐽𝐽𝑘𝑘𝑇𝑇𝑆𝑆𝐷𝐷(𝑡𝑡) is linearly proportional to the carrier collection rate in 
Eq.(5.24) as follows: 
𝐽𝐽𝑘𝑘𝑇𝑇𝑆𝑆𝐷𝐷(𝑡𝑡) = 𝑞𝑞𝐿𝐿 𝑑𝑑(𝑡𝑡) − 𝑑𝑑0𝜏𝜏𝑐𝑐𝑜𝑜𝑏𝑏  (5.25) 
where 𝑞𝑞 is the electron charge and 𝐿𝐿 is the distance of the carrier diffusion path from 
the excited area to the metal contact. The overall rate equation for the transient 
photocurrent decay is formed by summing Eqs.(5.20), (5.21) and (5.24): 
𝑑𝑑𝑑𝑑(𝑡𝑡)
𝑑𝑑𝑡𝑡
= 𝛼𝛼𝜑𝜑(𝑡𝑡) − 𝑑𝑑(𝑡𝑡) − 𝑑𝑑0
〈𝜏𝜏𝑛𝑛〉
−
𝑑𝑑(𝑡𝑡) − 𝑑𝑑0
𝜏𝜏𝑐𝑐𝑜𝑜𝑏𝑏
 (5.26) 
Eq.(5.26) is the sum of the generation, recombination and collection processes of 
excess minority charge carriers. Since the excitation laser is a pulsed source, the 
photon flux is assumed to be zero (i.e. 𝜑𝜑(𝑡𝑡) = 0) following the laser pulse (i.e. 𝑡𝑡 ≥ 0). 
As a result, there will be no contribution from the generation process at 𝑡𝑡 ≥ 0 during 
the decay process and the generation 𝛼𝛼𝜑𝜑(𝑡𝑡) term can be omitted from Eq.(5.26) [58]: 
𝑑𝑑𝑑𝑑(𝑡𝑡)
𝑑𝑑𝑡𝑡
= −𝑑𝑑(𝑡𝑡) − 𝑑𝑑0
〈𝜏𝜏𝑛𝑛〉
−
𝑑𝑑(𝑡𝑡) − 𝑑𝑑0
𝜏𝜏𝑐𝑐𝑜𝑜𝑏𝑏
 
= −𝑑𝑑(𝑡𝑡) − 𝑑𝑑0
𝜏𝜏𝑑𝑑𝑟𝑟𝑐𝑐𝑟𝑟𝑑𝑑
,    𝑑𝑑𝑓𝑓𝑟𝑟 𝑡𝑡 ≥ 0 (5.27) 
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where the decay time 𝜏𝜏𝑑𝑑𝑟𝑟𝑐𝑐𝑟𝑟𝑑𝑑 is a combination of the carrier recombination and 
collection processes: 1
𝜏𝜏𝑑𝑑𝑟𝑟𝑐𝑐𝑟𝑟𝑑𝑑
= 1
〈𝜏𝜏𝑛𝑛〉
+ 1
𝜏𝜏𝑐𝑐𝑜𝑜𝑏𝑏
 (5.28) 
The solution of Eq.(5.27) is as follows: 
𝑑𝑑(𝑡𝑡) = 𝑑𝑑(0)𝑒𝑒−𝑑𝑑 𝜏𝜏𝑑𝑑𝑑𝑑𝑐𝑐𝑑𝑑𝑑𝑑⁄  (5.29) 
where 𝑑𝑑(0) is the carrier number density at 𝑡𝑡 = 0 which depends on the injection level 
and 𝜏𝜏𝑑𝑑𝑟𝑟𝑐𝑐𝑟𝑟𝑑𝑑 is the decay time in the TPCD measurement. Eq.(5.29) can be substituted 
into Eq.(5.25) and the detected TPCD signal will become [58]: 
𝐽𝐽𝑘𝑘𝑇𝑇𝑆𝑆𝐷𝐷(𝑡𝑡) = 𝑞𝑞𝐿𝐿𝑑𝑑(0)𝜏𝜏𝑐𝑐𝑜𝑜𝑏𝑏 + 𝑒𝑒𝑑𝑑𝑑𝑑 �− 𝑡𝑡𝜏𝜏𝑑𝑑𝑟𝑟𝑐𝑐𝑟𝑟𝑑𝑑� + 𝐽𝐽𝑜𝑜𝑑𝑑𝑑𝑑𝑠𝑠𝑟𝑟𝑑𝑑 
= 𝐽𝐽𝑘𝑘𝑇𝑇𝑆𝑆𝐷𝐷(0)𝑒𝑒𝑑𝑑𝑑𝑑 �− 𝑡𝑡𝜏𝜏𝑑𝑑𝑟𝑟𝑐𝑐𝑟𝑟𝑑𝑑� + 𝐽𝐽𝑜𝑜𝑑𝑑𝑑𝑑𝑠𝑠𝑟𝑟𝑑𝑑 (5.30) 
where 𝐿𝐿 is the distance of the carrier diffusion path from the excited area to the metal 
contact and 𝐽𝐽𝑜𝑜𝑑𝑑𝑑𝑑𝑠𝑠𝑟𝑟𝑑𝑑 is the offset TPCD signal. 
5.2.3 Localised carrier collection efficiency 
Eq.(5.28) shows that the decay time measured by TPCD  𝜏𝜏𝑑𝑑𝑟𝑟𝑐𝑐𝑟𝑟𝑑𝑑 is determined by two 
factors, the average carrier lifetime 〈𝜏𝜏𝑛𝑛〉 and carrier collection time 𝜏𝜏𝑐𝑐𝑜𝑜𝑏𝑏. The carrier 
recombination lifetime along the diffusion path is in the ns range and is unable to be 
resolved from the TPCD measurement as demonstrated in Section 4.4 where the TPCD 
measurement setup could only detect the slower process of carrier collection 𝜏𝜏𝑐𝑐𝑜𝑜𝑏𝑏 (10s-
100s ns range). Thus, Eq.(5.30) becomes: 
𝐽𝐽𝑘𝑘𝑇𝑇𝑆𝑆𝐷𝐷(𝑡𝑡) = 𝐽𝐽𝑘𝑘𝑇𝑇𝑆𝑆𝐷𝐷(0)𝑒𝑒𝑑𝑑𝑑𝑑 �− 𝑡𝑡𝜏𝜏𝑐𝑐𝑜𝑜𝑏𝑏� + 𝐽𝐽0 (5.31) 
The minority carrier collection process is assumed to be dominated by the minority 
carrier diffusion process. Therefore, the collection time 𝜏𝜏𝑐𝑐𝑜𝑜𝑏𝑏 is almost equal to the 
carrier diffusion time 𝜏𝜏𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑: 
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𝜏𝜏𝑐𝑐𝑜𝑜𝑏𝑏 ≈ 𝜏𝜏𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (5.32) 
The measured decay time by TPCD 𝜏𝜏𝑘𝑘𝑇𝑇𝑆𝑆𝐷𝐷 can therefore be represented by the minority 
carrier diffusion time 𝜏𝜏𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑: 
𝜏𝜏𝑘𝑘𝑇𝑇𝑆𝑆𝐷𝐷 ≈ 𝜏𝜏𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (5.33) 
It can be shown that the minority carrier diffusion time is determined by the distance 
𝐿𝐿 of the carrier diffusion path from the excited area to the metal contact, and the 
minority carrier diffusion coefficient 𝐷𝐷𝑛𝑛 as: 
𝜏𝜏𝑘𝑘𝑇𝑇𝑆𝑆𝐷𝐷 ≈ 𝜏𝜏𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝐿𝐿22𝐷𝐷𝑛𝑛 = 𝐿𝐿22𝐿𝐿𝑛𝑛2 𝜏𝜏𝑛𝑛⁄ = 𝜏𝜏𝑛𝑛2 1𝜂𝜂𝑐𝑐𝑜𝑜𝑏𝑏2  (5.34) 
It should be noted that the relation 𝐿𝐿𝑛𝑛 = �𝜏𝜏𝑛𝑛𝐷𝐷𝑛𝑛 [147] is used in Eq.(5.34) where 𝐿𝐿𝑛𝑛 is 
the minority carrier diffusion length, 𝐷𝐷𝑛𝑛 is the diffusion coefficient and 𝜏𝜏𝑛𝑛 is the 
minority carrier lifetime. From Eq.(5.34), the localised collection efficiency 𝜂𝜂𝑐𝑐𝑜𝑜𝑏𝑏 is 
defined as the ratio of the diffusion length to the distance of the diffusion path, which 
characterises the percentage of the generated excess minority carriers in the sample 
that have been transported and collected as a detected TPCD signal before the carriers 
recombine: 
𝜂𝜂𝑐𝑐𝑜𝑜𝑏𝑏 ≡
𝐿𝐿𝑛𝑛
𝐿𝐿
= � 𝜏𝜏𝑘𝑘𝑆𝑆𝑇𝑇𝑃𝑃2𝜏𝜏𝑘𝑘𝑇𝑇𝑆𝑆𝐷𝐷 (5.35) 
Eq.(5.35) demonstrates the merit of this combined measurement approach where the 
localised carrier lifetime 𝜏𝜏𝑘𝑘𝑆𝑆𝑇𝑇𝑃𝑃 is directly measured by TRPL and the localised carrier 
diffusion time 𝜏𝜏𝑘𝑘𝑇𝑇𝑆𝑆𝐷𝐷 is measured by TPCD at the same spot. The ratio between these 
two values yields the localised carrier collection efficiency, which provides 
information on the limiting factors of a PV device’s carrier collection and subsequent 
performance. A longer carrier lifetime or shorter carrier diffusion time will result in a 
higher carrier collection efficiency and vice versa. As a result, this approach provides 
device quality information differentiating between recombination and transport 
processes to supplement existing EQE measurements.  
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5.3 Combined characterisation of CdS/CdTe  
Combined PL, TRPL and TPCD measurements were first performed at different points 
on a single CdS/CdTe sample to examine the effects of measuring different spots on a 
non-uniform sample. The following subsections describe the fabrication processes for 
the CdS/CdTe sample and its initial characterisation. Thereafter combined PL, TRPL 
and TPCD measurements are conducted, yielding the localised carrier collection 
efficiency across the sample. 
5.3.1 Sample fabrication process and initial 
characterisation  
The fabrication process of the CdS/CdTe sample is similar to the previous description 
in Section 4.1. The only difference is that a slightly thinner superstrate (TEC C10X-
3mm) was used instead of TEC 10 (4mm). Room temperature electroluminescence 
(EL) imaging was conducted on the finished CdS/CdTe PV device using CREST’s EL 
system [95] to identify potential regions of interest for the subsequent combined 
measurements. During EL imaging, the cell is forward biased via current injection 
through the metal contacts. This generates excess minority carriers which recombine 
and results in the emission of photons, if the recombination is radiative. The emitted 
photons are detected by a charge coupled device (CCD) camera fitted with a 720nm 
long-pass filter. The subsequent EL image yields spatially-resolved information on 
recombination, resistive, and optical losses, which are not visible through visual 
inspection [148]. 
Figure 5.2 shows the EL image for the CdS/CdTe sample, which was recorded with an 
integration time of 5 minutes and an injection current of 2mA (40% of ISC). The EL 
image shows inhomogeneous EL emission intensity, which can be caused by non-
uniform material deposition and device handling processes [149]. The higher (i.e. 
brighter) EL emission intensity in the top left region shows an increase in radiative 
recombination, indicating a better semiconductor material quality or decreased 
transparent conducting oxide (TCO) sheet resistance in that area. Areas with lower EL 
signal (i.e. darker) can indicate a decrease in radiative recombination due to either 
increased semiconductor material defects, increased transparent conducting oxide 
(TCO) sheet resistance or foreign objects (e.g. dust, scratches, etc) “blocking” the EL 
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signal [149]. The black line at the right of the cell may have been caused by a visible 
mark on the transparent conducting oxide (TCO), which obstructed the EL signal from 
the material. It may have also been caused by an increase in the TCO resistance 
resulting in a reduced current flow to that area.  
The exact causes for the EL intensity differences could perhaps be confirmed by 
combining PL imaging with EL, as PL does not show defects due to parasitic 
resistances such as broken metal grids [150]. However, PL imaging was not available 
for this work. 
 
Figure 5.2 EL image of the CdS/CdTe PV device 
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5.3.2 Combined PL, TRPL and TPCD measurements  
 
Figure 5.3 (a) EL image of the CdS/CdTe sample with the areas highlighted 
where combined measurements of (b) PL, (c) TRPL and (d) 
TPCD were conducted 
Combined PL, TRPL and TPCD measurements were conducted at five different points 
on the CdS/CdTe sample, which are highlighted in the EL image in Figure 5.3 (a). 
Figure 5.3 (b) shows the measured PL spectra with the normalised PL spectra in the 
inset graph. All five PL spectra show the expected CdSxTe1-x alloy (~1.47eV) emission 
peak and the CdTe layer (~1.51eV) shoulder peak.  
Figure 5.3 (c) shows the TRPL decay curves measured at ~1.47eV with the extracted 
carrier lifetimes in Table 6. The brightest area in the top left of the cell also has the 
longest carrier lifetime (~2.6ns). The higher EL/PL emission and longer carrier 
lifetime likely indicate a better material quality in that area of the cell. Whereas, the 
bottom right area has the lowest EL/PL intensity and shortest carrier lifetime (~1.5ns), 
indicating an increase in SRH recombination.  
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Figure 5.3 (d) shows the TPCD curves with the extracted carrier diffusion times in 
Table 6. The TPCD curve measured at the bottom right of the cell shows a lower peak 
TPCD signal (~5mV) and a longer carrier diffusion time (42ns), compared to the other 
measured areas of the cell (~7mV) and (𝜏𝜏𝑘𝑘𝑇𝑇𝑆𝑆𝐷𝐷<40ns). Lower peak TPCD signals and 
longer carrier diffusion times have previously been observed and associated with a 
reduction in the carrier collection rate [8]. The diffusion and collection of carriers were 
likely impaired by increased SRH recombination rate in that area of the cell, which 
also reduced the EL intensity and the carrier lifetime. Furthermore, the increased SRH 
recombination rate resulted in the excess minority carriers generated by the laser pulse 
recombining before the carriers could be collected by the contacts as a TPCD signal 
[38]. 
For each measured area, the carrier lifetime 𝜏𝜏𝑘𝑘𝑆𝑆𝑇𝑇𝑃𝑃 and carrier diffusion time 𝜏𝜏𝑘𝑘𝑇𝑇𝑆𝑆𝐷𝐷 
were substituted into Eq.(5.35) to yield the carrier collection efficiency 𝜂𝜂𝑐𝑐𝑜𝑜𝑏𝑏. The 
extracted 𝜂𝜂𝑐𝑐𝑜𝑜𝑏𝑏 for the bottom right of the cell (13.4%) is lower than all the other areas 
due to the shorter 𝜏𝜏𝑘𝑘𝑆𝑆𝑇𝑇𝑃𝑃 value and a longer 𝜏𝜏𝑘𝑘𝑇𝑇𝑆𝑆𝐷𝐷 value from the increased SRH 
recombination rate. Whereas the extracted 𝜂𝜂𝑐𝑐𝑜𝑜𝑏𝑏 for the top left of the cell (20.8%) is 
the highest due to the longer 𝜏𝜏𝑘𝑘𝑆𝑆𝑇𝑇𝑃𝑃 value and the shorter 𝜏𝜏𝑘𝑘𝑇𝑇𝑆𝑆𝐷𝐷 value from the 
decreased SRH recombination rate. 
Area measured 𝐸𝐸𝑔𝑔  
[eV] 
𝜏𝜏𝑘𝑘𝑆𝑆𝑇𝑇𝑃𝑃 1.47𝑟𝑟𝑞𝑞  
[ns] 
 𝜏𝜏𝑘𝑘𝑇𝑇𝑆𝑆𝐷𝐷 
[ns] 
𝜂𝜂𝑐𝑐𝑜𝑜𝑏𝑏  
[%] 
Centre 1.468/1.509 1.88 36.9 16.0 
Top left 1.466/1.508 2.6 30 20.8 
Top right 1.467/1.505 1.65 32 16.1 
Bottom left 1.468/1.513 2.05 33.8 17.4 
Bottom right 1.467/1.509 1.5 42 13.4 
Table 6 Extracted bandgap, TRPL, TPCD and collection efficiency values for the 
CdS/CdTe sample 
5.4 Combined characterisation of CIGS  
Combined PL, TRPL and TPCD measurements were next performed on three CIGS 
PV devices (CIGS Samples 1, 2 and 3) using different deposition parameters to 
examine the effects on the carrier collection efficiency. The following subsections first 
describe the fabrication processes for the three CIGS samples and their initial 
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characterisation. Combined PL, TRPL and TPCD measurements are then conducted 
on the samples to correlate the carrier collection efficiency with the initial 
characterisation. 
5.4.1 Sample fabrication process and characterisation  
The fabrication process of the three CIGS samples is similar to the previous description 
in Section 4.1 with some slight variations. CIGS Samples 1 and 2 used Mo/MoNx/Mo-
coated soda lime glass (SLG) as a back contact of different Mo-N thicknesses. Sample 
1 had a thinner Mo-N barrier at the back contact (~50nm) after a 2 minute deposition 
of Mo-N. Whereas Sample 2 had a thicker Mo-N barrier at the back contact (~250nm) 
after a 10 minute deposition time. CIGS Sample 3 used Corning Eagle XG (Na-free) 
as a glass substrate rather than SLG. Furthermore, external Na doping was provided 
by external thermal evaporation, which resulted in a ~30nm thick NaCl layer on the 
top of the absorber before selenisation. It should be noted that CIGS Samples 1 and 2 
have also been characterised in the following publication [151]. 
Scanning electron microscopy (SEM) was used to characterise the morphology of the 
selenised Mo/Mo–N/Mo/CIGS layers of the CIGS samples during the device 
fabrication. In SEM measurements, electrons are focussed and scanned over a sample 
area by a series of electromagnetic lenses using an electron gun. The electrons interact 
with the atoms in the sample, which subsequently yields information on the surface 
morphology, grain structure and layer thickness [152][153]. 
Figure 5.4 shows the resulting cross-sectional (left) and surface (right) SEM images 
for the three CIGS samples. CIGS Sample 1’s cross-sectional SEM image in Figure 
5.4 (a) shows that the shorter deposition time of Mo-N (2 minutes) resulted in the 
formation of a molybdenum diselenide (MoSe2) layer. This was caused by the thinner 
Mo-N layer (~50nm) being insufficient to completely prevent selenium (Se) diffusion 
[151]. The presence of MoSe2 is normally believed to improve CIGS PV devices 
performance, by creating an ohmic contact between the CIGS absorber layer and Mo 
[154]. However, if the MoSe2 layer is too thick, it can increase the series resistance 
and reduce the PV device efficiency [151].  
CIGS Sample 2’s cross-sectional SEM image in Figure 5.4 (b) shows that the longer 
deposition time of Mo-N (10 minutes) provided a full coverage of the Mo layer to 
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prevent Se diffusion becoming MoSe2. Further details of this effect can be found in 
[151].  
CIGS Sample 3’s SEM images show that the CIGS absorber has distinctly larger grain 
sizes than the other two samples, indicating an improved grain growth. This was 
attributed to the external Na doping as Na has been found to improve grain growth and 
subsequently the optoelectronic properties of the film [150][155]. 
 
Figure 5.4 Cross-sectional and surface SEM images of (a) CIGS Sample 1[151], 
(b) CIGS Sample 2 [151] and (c) CIGS Sample 3 [156] 
EQE measurements were conducted on the three finished CIGS PV devices to 
characterise the ratio between the number of incident photons to the number of 
collected carriers over a range of wavelengths, as shown in Figure 5.5. CIGS Sample 
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3 has the overall highest QE and also shows an improved QE response at longer 
wavelengths (>~900nm) compared to the other two samples. The reduction in the QE 
in solar cells is usually from optical and recombination losses [157]. Sample 3’s 
improved QE is attributed to the larger grain sizes as shown in Figure 5.4 (c), which 
reduces the number of grain boundaries (GB) [158]. Grain boundaries are defects in 
the crystal structure [158][159], which may introduce deep defect levels at energies 
near the centre of the bandgap and act as effective recombination centres [158][160]. 
Therefore, carriers generated close to a grain boundary are attracted to it and 
recombine [158]. As a result, Sample 3 had the highest PCE out of all three samples 
as shown in the IV curves in Figure 5.5 (b). 
 
Figure 5.5 (a) EQE and (b) IV curves for the three CIGS samples  
EL imaging was conducted on the CIGS PV devices to identify regions of interest on 
the cells for targetting the combined measurements. Figure 5.6 shows the EL images 
for the three samples, which were recorded with an integration time of 20 minutes and 
an injection current using the cell’s approximate short circuit current value. Sample 
1’s EL image has a noticeably lower EL emission intensity in the top left area 
compared to the rest of the cell. This was likely caused by the manual spraying 
deposition process of the solution-based CIGS absorber which may have resulted in 
smaller grain sizes, increased GB recombination and/or increased voids in the area of 
decreased EL intensity [151][161][162]. Voids are volumes of missing material in a 
thin film layer [163] which can cause interface problems [151]. Furthermore, Sample 
3 had a visible scratch in the top right of the cell as shown in the corresponding EL 
image in Figure 5.6 (c). 
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Figure 5.6 Photos of the measured cell and corresponding EL images for (a) 
CIGS Sample 1, (b) CIGS Sample 2 and (c) CIGS Sample 3 
5.4.2 Combined PL, TRPL and TPCD measurements 
CIGS Sample 1: 
 
Figure 5.7 (a) EL image of CIGS Sample 1 with the areas highlighted where 
combined measurements of (b) PL, (c) TRPL and (d) TPCD 
were performed 
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Figure 5.7 (a) shows Sample 1’s EL image with the five highlighted areas of interest 
where combined PL, TRPL and TPCD measurements were performed. Figure 5.7 (b) 
shows the resulting PL spectra for CIGS Sample 1 with the normalised PL spectra in 
the inset graph. It was observed that the top left region of the cell has the lowest EL 
and PL intensity. While the bottom right region of the cell has the highest EL and PL 
intensity and thus radiative recombination. 
Figure 5.7 (c) shows Sample 1’s TRPL decay curves measured at the PL maximum 
(~1.18eV) with the extracted carrier lifetimes 𝜏𝜏𝑘𝑘𝑆𝑆𝑇𝑇𝑃𝑃 in Table 7. In addition to having 
the lowest EL and PL emission, the top left of the cell has the shortest carrier lifetime 
(~1.56ns). This shows that the top left area has a worse material quality resulting in 
increased SRH recombination at the grain boundaries. Whereas the brightest area in 
the bottom right has the longest carrier lifetime (~2.3ns), indicating a better material 
quality with fewer recombination centres. 
Figure 5.7 (d) shows Sample 1’s TPCD curves with the extracted carrier diffusion 
times in Table 7. The two TPCD curves measured at the top of the cell show lower 
peak TPCD signals (~4mV) and longer carrier diffusion times (𝜏𝜏𝑘𝑘𝑇𝑇𝑆𝑆𝐷𝐷>200ns), 
compared to the other three measured areas of the cell (~7mV) and (𝜏𝜏𝑘𝑘𝑇𝑇𝑆𝑆𝐷𝐷<200ns). 
The diffusion and collection of carriers were likely impaired by the presence of larger 
voids in the material and increased GB recombination rate in that area of the cell, 
which also reduced the EL intensity [151] and the carrier lifetime. Furthermore, the 
increased GB recombination rate resulted in the excess minority carriers generated by 
the laser pulse recombining before the carriers could be collected by the contacts as a 
TPCD signal [38]. 
For all five measured areas, the extracted carrier lifetime 𝜏𝜏𝑘𝑘𝑆𝑆𝑇𝑇𝑃𝑃 and diffusion time 
𝜏𝜏𝑘𝑘𝑇𝑇𝑆𝑆𝐷𝐷 were substituted into Eq.(5.35) to yield the localised carrier collection 
efficiencies 𝜂𝜂𝑐𝑐𝑜𝑜𝑏𝑏. As expected, the carrier collection efficiencies for the top left and 
right of the cell (5.9% and 6.1%) are lower than the other three areas (~7-8%). The 
lower collection efficiencies are due to the shorter carrier lifetime and the longer 
carrier diffusion time from an increased number of material defects and grain 
boundaries as shown in the EL image. 
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Area measured  𝐸𝐸𝑔𝑔 
[eV] 
𝜏𝜏𝑘𝑘𝑆𝑆𝑇𝑇𝑃𝑃 
 [ns] 
𝜏𝜏𝑘𝑘𝑇𝑇𝑆𝑆𝐷𝐷 
[ns] 
𝜂𝜂𝑐𝑐𝑜𝑜𝑏𝑏 
 [%] 
Between contacts 1.185 2.02 198.3 7.1 
Top left 1.184 1.56 263.8 5.4 
Top right 1.184 1.82 248.9 6.1 
Bottom left 1.183 1.76 191.5 6.8 
Bottom right 1.183 2.30 179.1 8.0 
Table 7 Extracted bandgap, TRPL, TPCD and collection efficiency values for 
CIGS Sample 1 
CIGS Sample 2: 
 
Figure 5.8 (a) EL image of CIGS Sample 2 with the areas highlighted where 
combined measurements of (b) PL, (c) TRPL and (d) TPCD 
were conducted 
Figure 5.8 (a) shows Sample 2’s EL image with the highlighted five areas that were 
measured. The EL image is more uniform when compared to Sample 1’s EL image. 
Furthermore, Sample 2’s overall EL intensity is higher than Sample 1’s EL image 
indicating an increase in radiative recombination, which was found to be from larger 
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grains in Sample 2 [151]. The increase in radiative recombination is also shown by 
Sample 2’s PL spectra Figure 5.8 (b) where the average peak PL intensity is higher 
than Sample 1. 
TRPL measurements were conducted on the same spot and recorded at the PL 
maximum (~1.18eV) for all five highlighted areas as shown in Figure 5.8 (c). The 
extracted TRPL carrier lifetimes in Table 8 show that Sample 2 has a longer average 
TRPL carrier lifetime (~2.36ns) than Sample 1 (~1.9ns). This is attributed to Sample 
2 having larger grain sizes and fewer grain boundaries (i.e. better material quality) 
compared to Sample 1 as shown in the SEM images in Figure 5.4 (b) and (a), 
respectively. The excess minority carriers photo-generated in the grains have a 
probability to recombine at the grain boundaries. This probability decreases with the 
distance from the grain boundaries and becomes negligible at a distance of the order 
of the diffusion length [164]. Therefore, grain sizes which are larger than the minority 
carrier diffusion length reduce recombination at the grain boundaries [158], which 
increases the carrier lifetime. The effect of larger grain sizes resulting in longer carrier 
lifetimes has previously been shown by both numerical calculations [165][166] and by 
TRPL measurements [62][166]. 
Figure 5.8 (d) shows the TPCD curves with the extracted carrier diffusion times in 
Table 8. All five TPCD curves have a more consistent peak TPCD signal (~7mV) and 
a shorter average carrier diffusion time (~178ns) than Sample 1 (~216ns). This shows 
that the carrier collection in Sample 2 is less impaired, which is most likely due to the 
better material quality resulting in less recombination at the grain boundaries, which 
increased the carrier collection rate. As a result, Sample 2’s average carrier collection 
efficiency 𝜂𝜂𝑐𝑐𝑜𝑜𝑏𝑏 (~8.1%) is higher than Sample 1 (~6.8%). 
Area measured 𝐸𝐸𝑔𝑔  
[eV] 
𝜏𝜏𝑘𝑘𝑆𝑆𝑇𝑇𝑃𝑃  
[ns] 
𝜏𝜏𝑘𝑘𝑇𝑇𝑆𝑆𝐷𝐷 
[ns] 
𝜂𝜂𝑐𝑐𝑜𝑜𝑏𝑏  
[%] 
Between contacts 1.176 2.70 177.5 8.7 
Top left 1.176 2.26 178.1 8.0 
Top right 1.175 2.47 179.4 8.3 
Bottom left 1.176 2.11 182.8 7.6 
Bottom right 1.176 2.28 171.9 8.1 
Table 8 Extracted bandgap, TRPL, TPCD and collection efficiency values for 
CIGS Sample 2 
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CIGS Sample 3: 
 
Figure 5.9 (a) EL image of CIGS Sample 3 with the areas highlighted where 
combined measurements of (b) PL, (c) TRPL and (d) TPCD 
were conducted 
Figure 5.9 (a) shows Sample 3’s EL image with the five highlighted areas of interest 
where combined measurements were performed. Figure 5.9 (c) shows Sample 3’s 
TRPL decay curves measured at the PL maximum (~1.17eV) and the extracted carrier 
lifetimes 𝜏𝜏𝑘𝑘𝑆𝑆𝑇𝑇𝑃𝑃 in Table 9, which are longer than the other two samples (~4-5ns) by a 
factor of ~2-3. This is attributed to Sample 3’s significantly larger grain sizes (see 
Figure 5.4 (c)) compared to the other two CIGS samples. The improved grain growth 
from the external Na doping resulted in a higher quality material with fewer grain 
boundaries. 
However, Sample 3’s average TPCD carrier diffusion time (~250ns) is actually longer 
than both Sample 1 (~216ns) and Sample 2 (~178ns). This longer carrier diffusion 
time was likely caused by significant voids in the absorber layer as shown in the cross 
sectional SEM image in Figure 5.4 (c), which can introduce interface problems. 
Interface problems can affect CIGS solar cells as there are several hetero-interfaces in 
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the Mo/CIGS/CdS/i-ZnO/ZnO:Al configuration that involve many different elements 
and compounds [154]. If these interfaces are not optimised, they can potentially result 
in efficiency losses due to carrier recombination. Furthermore, a high contact 
resistance can be introduced between different layers which can significantly affect 
the charge carrier transport throughout the PV device [154]. The voids in Sample 3’s 
CIGS absorber layer resulted in areas of the Mo layer being completely uncovered or 
covered by smaller grains. As a result, voids may hinder carrier transport between the 
grains and limit the carrier collection from grains isolated by the voids 
[151][163][167], resulting in longer carrier diffusion times. 
The presence of these voids also resulted in Sample 3 having a lower average EL 
intensity than Sample 2 as shown previously in Figure 5.6(c) and (b), respectively.  
This showed that although Sample 3 has a better CIGS material quality with increased 
radiative recombination than Sample 2 (i.e. longer carrier lifetimes and higher average 
PL intensities), the interfaces in Sample 3 appear to be less well optimised than Sample 
2. While EL and PL are both affected by the material quality of the CIGS absorber 
layer, EL is more sensitive to the interface quality than PL [168][169]. 
Area measured 𝐸𝐸𝑔𝑔  
[eV] 
𝜏𝜏𝑘𝑘𝑆𝑆𝑇𝑇𝑃𝑃  
[ns] 
 𝜏𝜏𝑘𝑘𝑇𝑇𝑆𝑆𝐷𝐷 
[ns] 
𝜂𝜂𝑐𝑐𝑜𝑜𝑏𝑏  
[%] 
Between contacts 1.174 5.0 236.0 10.3 
Top left 1.172 4.61 259.6 9.4 
Top right 1.173 4.36 246.4 9.4 
Bottom left 1.173 3.94 250.0 8.9 
Bottom right 1.171 5.01 257.4 9.9 
Table 9 Extracted bandgap, TRPL, TPCD and collection efficiency values for 
CIGS Sample 3 
Overall comparison:  
Figure 5.10 shows a single measurement of EQE, PL, TRPL and TPCD for all three 
CIGS samples for a clearer visual comparison with the corresponding carrier lifetimes 
and carrier diffusion times in Table 10. Figure 5.10 (d) shows that the rise time of 
Sample 3’s TPCD curve is noticeably longer than the other two CIGS samples. This 
indicates that the collection of carriers from the initial photo-generation was likely 
impaired by the voids, resulting in the excess carriers taking a longer average time to 
be transported to and collected by the contacts. The subsequent decay profile and 
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extracted carrier diffusion time are longer than the other two samples, which further 
highlights the impairment of carrier collection.  
Although Sample 3 has the longest average carrier diffusion time out of all three CIGS 
samples, the average extracted carrier collection efficiency is still the highest of the 
three samples (~9.6%). Sample 3’s larger grain sizes resulted in an increase in both the 
PL intensity and the carrier lifetime, which means that generated excess minority 
carriers are more likely to be collected by the contacts before recombining. The 
improved collection efficiency of CIGS Sample 3 is also observed from the EQE 
measurements where the QE at 640nm for Sample 3 is higher (89.22%) than Samples 
1 (78.79%) and 2 (81.76%). Despite having significantly longer carrier lifetimes, the 
PCE for Sample 3 (9.2%) is only slightly higher than Sample 2 (8.9%), which was 
most likely limited by interface problems from voids.  
 
Figure 5.10 Comparison between all three CIGS samples of (a) EQE, (b) PL, (c) 
TRPL and (d) TPCD 
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Sample 𝜏𝜏𝑘𝑘𝑆𝑆𝑇𝑇𝑃𝑃  
[ns] 
𝜏𝜏𝑘𝑘𝑇𝑇𝑆𝑆𝐷𝐷  
[ns] 
𝜂𝜂𝑐𝑐𝑜𝑜𝑏𝑏  
[%]  
𝐸𝐸𝐸𝐸𝐸𝐸640𝑛𝑛𝑚𝑚 
[%] 
PCE 
[%] 
CIGS Sample 1 1.9 216 6.8 78.79 4.9 
CIGS Sample 2 2.4 178 8.1 81.76 8.9 
CIGS Sample 3 4.6 250 9.6 89.22 9.2 
Table 10 Average carrier lifetime, diffusion and collection efficiency values for 
all three CIGS samples 
As EQE is also affected by carrier transport and recombination, one would perhaps 
expect the EQE values to be the same as the extracted carrier collection efficiency 
However, EQE is a measure of the ratio between the number of collected carriers and 
the number of incident photons on the PV device [114]. While the extracted carrier 
collection efficiency from the proposed theoretical model is the ratio between two time 
constants from TRPL 𝜏𝜏𝑘𝑘𝑆𝑆𝑇𝑇𝑃𝑃 and TPCD 𝜏𝜏𝑘𝑘𝑇𝑇𝑆𝑆𝐷𝐷. Therefore, the EQE and 𝜂𝜂𝑐𝑐𝑜𝑜𝑏𝑏 values 
may show a similar trend as shown in Table 10, but the absolute values will be 
different. 
5.5 Chapter conclusions 
A physical model to determine the localised carrier collection efficiency of solar cells 
from TRPL carrier lifetime and TPCD carrier diffusion time has been developed. 
Subsequent combined, co-located PL, TRPL and TPCD measurements on a variety of 
test samples have demonstrated the capability of this method to extract the carrier 
collection efficiency. These characterisation techniques provide device quality 
information differentiated between recombination and transport processes. This results 
in important additional device characteristic detail not seen when using only a single 
measurement technique. This is demonstrated as an example for CIGS Sample 3, 
which had a longer TRPL carrier lifetime compared to the other two CIGS samples, 
indicating a better material quality. However, Sample 3 also had a longer TPCD carrier 
diffusion time compared to the other two CIGS samples, which suggested interface 
problems limited the performance. The limiting factors in sample performance can be 
more precisely identified using the carrier collection efficiency measured in the 
combined measurement system and appropriately-targeted improvements to the device 
fabrication processes can be made. 
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Using separate TRPL and TPCD measurement systems may yield similar trends for 
the carrier lifetimes and diffusion times of the samples measured above. However, 
there would still be difficulties to extract the localised carrier collection efficiency due 
to repositioning errors leading to different measurement spots on the devices. Using 
the same excitation source reduces this uncertainty and allows localised spots on the 
sample to be measured. This is particularly useful for significantly non-uniform 
devices such as typical research cells, exemplified here by the CdS/CdTe sample and 
CIGS Sample 1, where lower collection efficiencies were extracted in areas of 
increased grain boundaries, material defects and/or voids, when compared to the rest 
of the cell. 
In addition to providing useful information on the material and interface quality, this 
combined measurement approach potentially allows for further understanding of the 
limiting factors of carrier collection in solar cells from the carrier lifetime and diffusion 
time. This information can supplement existing characterisation techniques as 
demonstrated above and can be used in the fabrication process to aid in the 
improvement of the PCE of the PV device. 
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6 Thesis conclusions 
The main aim of this thesis was to develop and validate a capability to quantify the 
localised carrier collection efficiency of solar cells. This has been achieved by the 
integration of a physical model with data from a bespoke, combined experimental 
system capable of measuring spectrally-resolved photoluminescence (PL), time-
resolved photoluminescence (TRPL) and transient photocurrent decay (TPCD) at the 
same spot on the sample. This combined measurement approach opens up the 
possibility to extract additional material and device information. It subsequently 
allows for the identification and further understanding of the limiting factors in the 
carrier collection efficiency of solar cells. The main aim of this thesis was 
accomplished by the following main components of work: 
1. A measurement system combining PL, TRPL and TPCD measured with a 
single laser excitation source was designed and developed. 
2. Individual PL, TRPL and TPCD measurements were conducted on CdTe 
and CIGS samples, demonstrating the system’s capabilities. The impact of 
using different measurement systems for the same characterisation 
techniques was investigated by a series of inter-laboratory comparisons. 
3. A theoretical physical model was proposed to quantify the localised carrier 
collection efficiency of solar cells. Combined PL, TRPL and TPCD 
measurements were conducted on CdS/CdTe and CIGS PV devices, the 
carrier collection efficiency was extracted and performance-limiting 
factors have been successfully identified. 
6.1 The combined measurement system 
At present, most commercially available or custom built measurement systems focus 
on one or two characterisation techniques to either optically (e.g. PL and TRPL) or 
electrically (e.g. TPCD and TPVD) characterise recombination and transport processes 
in solar cells. Optical and electrical characterisation techniques yield different 
information for recombination and transport processes in solar cells, which all affect 
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the efficiency of a PV device. Therefore, using only a single optical or electrical 
characterisation technique results in important material/device information being lost. 
A measurement system combining PL, TRPL and TPCD measurements with a single 
laser source was successfully implemented in this work to negate the need to move 
samples between multiple measurement systems and subsequent sequential 
characterisation of thin film PV devices. This first reduces the uncertainty associated 
with different spots being used for the different measurements. This also allows for 
the extraction of device/material quality information differentiated between 
recombination and transport processes as well as an additional localised carrier 
collection efficiency parameter, which will be discussed in further detail in Section 
6.3. 
In terms of the actual system specifications itself, the combined measurement system 
is capable of seamlessly measuring PL/TRPL/TPCD for a wide range of finished thin 
film PV devices and PL/TRPL of as-deposited samples such as superstrate CdTe, 
substrate CIGS and CZTS samples. The extracted material and device information has 
proven useful for CREST’s PV material group in improving their understanding of the 
material/device properties and identifying potential sources of efficiency losses in the 
finished PV devices. As a result, this measurement system is currently a valuable 
addition to the existing material/device characterisation techniques for thin film PV at 
CREST and will continue to be beneficial in the near future to help achieve higher 
efficiencies for thin film PV devices.  
In addition, more research labs could perhaps adopt this type of combined optical and 
electrical measurement approach for minority carrier lifetime in order to further 
enhance the understanding of the material/device properties of other PV technologies. 
Furthermore, this combined approach could even be considered for commercial 
measurement systems to become a standardised measurement method in the future. 
6.2 Individual and inter-laboratory comparison 
measurements 
Individual PL/TRPL/TPCD measurements were conducted on CdTe and CIGS 
samples to establish the measurement and data acquisition procedures and demonstrate 
the capabilities of the combined measurement system. The analysis of the results 
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showed that each characterisation technique yields different material information and 
device performance characteristics: PL yields the material bandgap, TRPL yields the 
minority carrier lifetime and TPCD yields the minority carrier diffusion time. This 
emphasised the requirement for a combined measurement approach of all three in order 
to prevent important material/device information being lost. 
Inter-laboratory comparison measurements of PL, TRPL and TPCD were then 
performed on the same samples between different research labs, which were mostly in 
agreement with the measurements taken at CREST. However, some discrepancies 
between measurement systems of participating laboratories were observed for all three 
techniques. This again emphasised the need for a combined measurement approach as 
different measurement spots on the same sample sometimes resulted in different 
results. It also highlighted that further standardisation needs to be implemented to 
improve the comparability of measurements of the same characterisation techniques 
between different research labs. An improved comparability and accuracy in 
PL/TRPL/TPCD measurements would be advantageous for the device fabrication 
process as this will allow for more accurate material/device information to be 
extracted. As a result, this can also potentially contribute to the fabrication of higher 
efficiency PV devices in the future as a whole. 
6.3 Proposed theoretical model and combined 
measurements 
A theoretical model was proposed to extract the localised carrier collection efficiency 
of solar cells from the TRPL carrier lifetime and TPCD carrier diffusion time measured 
at the same spot. The model characterises the percentage of the generated excess 
minority carriers in the sample that have been transported and collected as a detected 
TPCD signal before the carriers recombine as a detected TRPL signal. The proposed 
model highlights the benefit of measuring using a single laser as it would be more 
difficult to apply to separate measurement systems due to the uncertainty of exact 
repositioning to the same measurement spot. 
Combined PL, TRPL and TPCD measurements of CdS/CdTe and CIGS PV devices 
have been carried out for the first time and provided useful information on the material 
and interface quality. It was demonstrated that the limiting factors of the collection 
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efficiency and subsequent performance of a PV device can be more easily identified. 
A longer carrier lifetime indicated a better material quality, while a shorter carrier 
diffusion time indicated better quality interfaces in the device that result in an 
improved carrier collection efficiency. The results were further confirmed with 
additional characterisation from EL imaging, SEM, EQE and IV curves, which upheld 
the validity of the proposed theoretical model. This further stresses the importance of 
combined characterisation where say if only TRPL was used, important information 
regarding the device’s interfaces would be lost and the limiting factors of carrier 
collection would not be as easily identifiable. 
Using the same excitation source and spot is particularly useful as it allows for 
significantly non-uniform devices to be mapped. This allows for the identification of 
regions of lower collection efficiencies in a PV device, which identifies regions of 
increased grain boundaries, material defects and voids. This in turn provides important 
information which can be fed back to the fabrication process to improve the uniformity 
of the device.  
In short, this unique combined PL/TRPL/TPCD measurement approach coupled with 
an original theoretical model allows for the extraction of the material bandgap, carrier 
lifetime, diffusion time and collection efficiency. As a result, the limiting factors in a 
sample’s performance can be more precisely identified and understood. Based on this 
information, improvements can be made during device fabrication, potentially leading 
to higher efficiency PV devices. 
6.4 Suggestions for future work 
The PL, TRPL and TPCD measurements are currently point-based measurements, 
which allows for localised spots on the sample to be probed. This resulted in the need 
for spatially-resolved EL measurements in order to identify potential areas of interest 
to measure. However, an additional x-y scanning stage could be implemented for 
spatially resolved measurements which would provide a point-by-point mapping of the 
carrier lifetime, carrier diffusion time and carrier collection efficiency of the entire 
sample. This would yield a clearer and more complete representation of the overall 
carrier collection efficiency and material quality of the PV device compared to the 
current point-based measurements.  
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The combined measurement system also has the potential to integrate more optical and 
electrical characterisation techniques to the existing ones in the system. For example, 
by using a pulsed and continuous wave mode compatible laser driver and head, 
combined with an x-y stage, one can carry out laser beam induced current (LBIC) 
mapping, which can yield current maps of the PV device. This in turn yields 
information such as diffusion length and material defects of the PV device using the 
same laser, which would complement the existing combined PL/TRPL/TPCD 
measurements. A source meter could be used as excitation for spectrally-resolved EL, 
which would provide spectrally-resolved information on not just the semiconductor 
material, but also the entire PV device. These possible additions to the combined 
measurement system would provide even more useful information on solar cell 
recombination and transport processes to aid in the fabrication of higher efficiency PV 
devices.  
Although the instrument response function (IRF) did not have a significant effect on 
the TRPL measurements in this thesis, an improved method is required to accurately 
measure and correct for the IRF of both PMTs. The reconvolution fitting methodology 
especially needs improved robustness, as it was unsuccessful in accurately correcting 
for the IRF. This would require the development and validation of a more suitable 
deconvolution algorithm and would result in more accurate TRPL measurements and 
potentially better comparability between labs.  
The inter-laboratory comparison measurements highlighted problems in the 
comparability of measurements. As part of future work, new inter-laboratory 
comparisons should be first established with a larger group of participating 
laboratories. Additional effort should be taken to determine the exact causes of 
variability between laboratories and establish measurement guidelines to improve 
comparability. An improved comparability and accuracy in PL/TRPL/TPCD 
measurements would be advantageous for the device fabrication process. There will 
be less uncertainty in the measurements, which will allow for more accurate 
material/device information to be extracted, potentially contributing to the fabrication 
of higher efficiency PV devices. 
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